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A = Angstrom unit, 1 X 10 cm. 
A = empirical parameter in the BWR equation. 
a = empirical parameter in the BWR equation. 
a. = hard sphere diameter for molecule. 
I 
a12 ~ average hard sphere diameter. 
B = second virial coefficient. 
•sV 
B = reduced classical second virial coefficient from classical 
Kihara (6-12) core model. 
B = second virial coefficient calculated from classical Kihara 
(6-12) core model. 
o 
= empirical parameter of BWR equation. 
B = reduced translational quantum second virial coefficient for 
° 'A 1 
an ideal gas. 
BWR = Benedict-Webb-Rubin equation of state. 
B , B = first and second reduced translational quantum corrections for 
the second virial coefficient from the Lennard-Jones (6-12) 
potential function. 
b = empirical parameter in BWR equation. 
b = volumetric parameter in the Lennard-Jones (6-12) intermolecu-
lar potential function, Equation (IV-25). 
b = coefficients for series representation of F , Equation (IV-35). 
C = third virial coefficient. 
G = dispersion constant. 
•k 
H T = reduced classical third virial coefficient from Lennard-Jones CL -v "JV 
(6-12) intermolecular potential function (also written as C' (T )). 
XVI 
NOMENCLATURE (Continued) 
C = empirical parameter in BWR equation. 
AC = non-additivity correction to the third virial coefficient, 
Equation (IV-51). 
C = classical contribution to the third virial coefficient, 
Equation (IV-49). 
c = empirical parameter in BWR equation; also used in the calcu-
lation of the third virial coefficient; see Equation (IV-58). 
d = parameter in correlation of Chueh and Prausnitz; see Equation 
(IV-61). 
E. = partial molar internal energy. 
e = energy parameter in Lennard-Jones (6-12) intermolecular poten-
tial function. 
exp = raise 2.30258 to the power of the number in parentheses. 
e/k = energy parameter in Lennard-Jones (6-12) intermolecular poten-
tial function. 
F]_ ,F2 ,F3 = reduced functions for second virial coefficient from Kihara 
core model (6-12); Equation (IV-31). 
f = fugacity and also used in Equation (IV-50). 
G = partial molar Gibbs free energy for creation of a cavity. 
G. = partial molar Gibbs free energy for charging process. 
o Gibbs' molar free energy of an ideal gas at 1 atmosphere 
pressure. 
H = Henry's law constant. 
o H = Henry's law constant at zero polarizability. 
H = heat of vaporization. 
vap 
— p *y 
h = Plank s constant = 6.6256 X 10 erg-sec; also used as peak 
height on chromatogram. 
I = ionization potential, 
xvii 
NOMENCLATURE (Continued) 
i = summation index integer. 
j = summation index integer. 
KIH = Kihara core model (6-12). 
KIHCK12 = Kihara core model (6-12) with correction applied to the geo-
metric mixing rule using K12 calculated from Equation (V-8). 
KIHEK12 = Kihara core model (6-12) with correction applied to the geo-
metric mixing rule using experimental K12 . 
K = Henry's law constant using consistency method. 
K. = Reiss function; see Equation (VIII-6). 
K_ = constant representing the deviation from the Lennard-Jones 
potential geometric mean of the characteristic energy param-
eters of components i and j; see Equation (V-9). 
K12
 = constant representing the deviation from the Kihara potential 
geometric mean of the characteristic energy parameters of 
components i and j; see Equation (V-7). 
k = Boltzmann constant = 1.380308 X 10 erg/K molecule. 
LJCL = Lennard-Jones classical model. 
An = natural (base e) logarithm. 
log = common (base 10) logarithm. 
M = molecular weight. 
M = core parameter in Kihara (6-12) core model. 
o 
m = mass of molecule, M/N.. 
' A 
N = a dummy quantity used to represent various equation of state 
parameters in writing mixture rules. 
N = Avogadro's number 6.0238 X 1023 molecules/gm mole. 
A. 
n = number of gm moles. 




total absolute pressure, 
vapor pressure of condensible component. 
gas law constant = 82.0560 atm-cc/gm mole K or 0.0820537 
atm-liter/gm mole K. 
intermolecular distance between centers of molecules. 
core parameter in Kihara (6-12) core model. 
summation index integer; also an attenuation factor on chro-
matograph (see Appendix D). 
o 
temperature, K (formerly K). 
kT/e. 
classical critical temperature at high temperature for quantum 
gases, Equation (IV-64). 
critical temperature. 
reduced temperature, T/T , of component i. 
o 
temperature, C. 
intermolecular potential energy. 
minimum energy of the Kihara potential function. 
energy parameter in Kihara (6-12) model. 
volume of gas. 
classical critical volume at high temperature for the quantum 
gases, Equation (IV-65). 
critical molar volume. 
partial molar volume change upon cavity formation. 
partial molar volume change upon charging. 
molar volume of gas mixture. 
core parameter in Kihara core model. 
XIX 
NOMENCLATURE (Continued) 
V01 = molar volume of component 1 gas at its vapor pressure. 
V1 = molar volume of component 1 gas. 
V2 = molar volume of component 2 gas. 
V. = partial molar volume of component i. 
V]_ = molar volume of the compressed condensed liquid phase. 
v1 = saturated molar volume of the condensible component. 
x = mole fraction in the condensed phase. 
Y = size parameter. 
y. = mole fraction of component i in the gas phase. 
y. = mole fraction calculated assuming the gas phase is ideal. 
Z = compressibility factor, PV/nRT; also U /kT in Kihara core 
A 1 ° 
model. 
GREEK LETTERS 
a = parameter in BWR equation; also the molecular polarizability. 
(Xp = coefficient of thermal expansion for the pure component. 
jBT = isothermal compressibility for the pure component. 
3 T = average isothermal compressibility. 
p = gamma function. 
Y = empirical parameter in BWR equation. 
Yi = activity coefficient of component 1 in liquid solutions re-
ferred to the pure liquid component at the system pressure and 
temperature. 
Y3' = activity coefficient of component 2 in liquid solutions re-
ferred to the infinitely dilute state at the system tempera-
ture and pressure. 
A = translational quantum mechanical parameter. 
NOMENCLATURE (Concluded) 
\i = chemical potential. 
o 
\i = chemical potential of ideal gas at 1 atmosphere. 
-k 
\i = chemical potential of pure liquid. 
TT = pi = 3.14159265. 
p = distance between molecular cores in the Kihara core model. 
p = number density of fluid molecules, N /vx . 
A. 
p = shortest distance between molecular cores at minimum potential Ko r 
energy. 
a = length parameter in LJCL (6-12) intermolecular potential. 
0 - enhancement factor. 
SUBSCRIPTS 
1 = condensible component. 
01 = gas at its normal vapor pressure (i.e. saturated vapor). 
2 = helium. 
c = condensible component. 
m = gas mixture. 
max = maximum value available in the data set. 
i,j,k = 1, 2, or m. 
v = volatile component. 
SUPERSCRIPTS 
G = gas. 
L = liquid. 
= used to distinguish BWR parameters from virial equation param-
eters; Equation (IV-72). 
co = refers to infinite dilution. 
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SUMMARY 
This thesis work has been concerned with the experimental measurement 
and the theoretical prediction of binary gas-liquid equilibria. The helium-
ethylene and helium-propylene systems have been studied below 260 K and 
120 atmospheres. 
The phase equilibrium apparatus used in this work was a single-
pass, continuous flow-type described by Kirk and Kirk and Ziegler. 
This same apparatus was used by Kirk, Mullins, and Liu for the in-
vestigation of phase equilibria of binary systems at cryogenic temperatures 
and high pressures. The liquid and gas phase equilibrium compositions for 
these systems were measured using two thermal conductivity chromatographs. 
In the helium-ethylene system, seven isotherms in the gas-liquid 
region were studied. These temperatures were 129.98, 150.01, 162.00, 
173.99, 188.02, 202.01, and 216.04 K. Six pressure points, ranging from 
20 to 120 atmospheres, were measured along each isotherm. The helium-
propylene system was studied in the gas phase along five isotherms. These 
temperatures were 200.00, 212.49, 224.99, 239.99, and 254.98 K, and the 
pressure was never greater than 120 atmospheres. The liquid phase of this 
system was studied at two additional temperatures, 175.00 and 187.49 K. 
The uncertainty of the gas and liquid phase measurements in the 
helium-ethylene system is estimated to be ± 3 percent for the 162.00 K 
and higher temperatures. The two lower isotherms have an accuracy of 
± 4 I? percent. In the helium-propylene system, the 254.98, 239.99, and 
224.99 K isotherms are uncertain to ± 3 percent of the gas phase results 
and the remaining isotherms, 212.49 and 200.00 K, are uncertain to about 
± 4 -g percent. The liquid analysis of this system is believed to be accu-
rate to ± 3 percent for these five isotherms, and the lowest two isotherms, 
175.00 and 187.49 K, are known to about ± 4 £ percent. These uncertain-
ties were determined by the scatter of the chromatograph calibration curve, 
the pressure gauge uncertainty (one-half percent), and the temperature 
uncertainty of 0.03 K. 
The only experimental data available in the literature for compari-
53 
son were by Hiza and Duncan for the gas phase of the helium-ethylene 
system. These data were at the lowest temperatures, 130 and 150 K. Since 
analysis in this low concentration region was rather difficult in this 
work, the maximum difference of six percent between the two works is con-
sidered to be quite satisfactory. 
The theoretical prediction of the gas phase composition for these 
systems can be adequately described using thermodynamics. An exact equa-
tion has been derived for the evaluation of y1 , which requires an assump-
tion for a liquid phase model and an equation of state for the gas mixture. 
In this work the liquid solution has been assumed to be ideal, Yi = 1. To 
describe the P-V-T properties of the gas phase the theoretically based 
virial equation of state and the empirical Benedict-Webb-Rubin equation 
were used. 
The virial equation of state used the Lennard-Jones classical, 
Kihara core potential, and the Kihara core potential with a modified geo-
metric mixing rule to predict the pure and interaction second virial 
XX111 
coefficients. The third virial coefficients were calculated using the 
Lennard-Jones classical parameters and the method of Chueh and Praus-
nitz. The Benedict-Webb-Rubin equation was used in two forms for the 
calculation of the interaction second virial coefficient. The equation 
was called BWR(LORENTZ) when the term (B ) 1 2 was calculated using the 
Lorentz average, and BWR(LINEAR) when the linear average was used for 
the (B ) 1 2 calculation. 
A comparison was made of the available experimental data and the 
53 46 53 
values predicted by theory for the helium-ethylene, helium-ethane, ' 
140 
helium-propylene, and helium-propane systems. The virial equation using 
the adjusted geometric mixing rule and the method of Chueh and Prausnitz 
for the third virial coefficient gave the best agreement with experiment 
and the BWR(LINEAR) equation also predicted values that were within the 
experimental uncertainty. The Lennard-Jones classical, Kihara core model, 
and BWR(LORENTZ) gave less satisfactory results. The inability of these 
models to predict the correct B12 and third virial coefficient values is 
responsible for the disagreement. 
By simply rearranging this theoretical method of predicting yx, it 
is possible to use experimental data to extract the second interaction 
virial coefficient, B12 . These data have been extracted and smoothed for 
the helium-ethylene, helium-ethane, helium-propane, and helium-propylene 
systems. The uncertainty of these results was estimated by introducing 
the quoted uncertainty of the experimental data into the calculation. 
The temperature dependence of these B12 curves was found to be much greater 
R ̂  
than that found by Liu for the helium-argon, helium-oxygen, helium-
XXIV 
nitrogen, helium-methane, and helium-carbon dioxide systems. 
As was mentioned earlier, the geometric mixing rule used to pre-
dict B12 values has been shown to be largely inadequate for systems con-
„ . . , , . D _ . ,. _ 16,17,33,52,53,83,107 , _ , 
taming helium. Recent investigators have suggested 
the introduction of a (1-K12) term before the geometric mixing rule of 
53 
the Kihara energy parameter. Hiza and Duncan have developed an empiri-
cal equation which correlates available K12 data as a function of ioniza-
tion potential. In the present work K12 values have been extracted for a 
variety of helium binary systems, and these results were found to compare 
favorably with the correlation of Hiza and Duncan. 
The prediction of the solubility of a high pressure gas in a liquid 
phase has not received much attention due to the complexity of the problem. 
An exact expression can be obtained which relates the liquid composition 
CO 
to the fugacity of the gas phase, Henry s law constant, H2, and the par-
— C O 
tial molar volume at infinite dilution, V2 . In its most useful form, this 
80 
equation is known as the Krichevsky-Kasarnovsky equation. Although the 
fugacity of the gas phase can be described rather easily using an equa-
CO — 0 0 
tion of state, values of H2 and V2 are scarce and very difficult to pre-
dict . 
Using smoothed gas-liquid equilibrium data, it was possible to 
0 0 — 0 0 80 
extract values of H2 and V2 from the Krichevsky-Kasarnovsky equation. 
In this work the fugacity of the gas phase was described using the virial 
equation. The uncertainty of these values was estimated by introducing 
the known experimental uncertainty of the data into the calculation. 
i i O 1 1 / 
The method of Pierotti ' has been used to predict values of 
XXV 
oo —oo 
H2 and V2 from first principles. This method is based upon the purely 
OO — 0 0 
theoretical scaled particle theory. These predicted values of H2 and V2 
are compared to the experimental results. Although in some cases the 
oo —oo 
correct temperature dependency of H2 and V2 was not predicted, the theo-
retical values were generally within a factor of two and one-half of the 
113 114 115 
experimental values. Pierotti ' ' has mentioned that two modifica-
tions to his method, the dependency of the molecular core parameter with 
temperature and a correction to the geometric mixing rule used in the 
interaction energy term, might improve agreement with theory. An attempt 
co 
was made to check these possible inadequacies, and predictions of Hs ob-





General Statement of the Problem 
There is hardly a chemical process that does not use some aspect 
of phase equilibrium. Phase equilibrium may take many forms such as 
distillation, absorption, adsorption, extraction, and crystallization. 
Thus, it is essential that a chemical engineer have a basic understanding 
of this subject. 
This thesis work is concerned with binary equilibrium between a 
liquid and a gas phase. The problem is a continuation of work done in 
this laboratory in which one component, 1, is a liquid or solid and the 
second component, 2, is a gas which is well above its critical tempera-
ture. Therefore, this work consists of experimentally measuring the 
equilibrium composition of the equilibrium phases at high pressures and 
the theoretical prediction of these experimental data. 
Due to the fact that the gas phase is at high pressure and low 
temperature, the problem actually becomes the equilibrium of a fluid phase 
in the presence of a liquid. Under these conditions there may exist 
strong attractive or repulsive forces between the components of the gas 
and the liquid phase. If these net forces are attractive, they produce 
an increase in the partial pressure of the condensible component. This 
increases the concentration of that component in the gas phase. A very 
useful measure of the amount of imperfection present in the gas phase is 
2 
the enhancement factor, 0. The enhancement factor was first defined and 
31 
used by Dokoupil, et al. This term represents the ratio of the actual 
mole fraction, y1, divided by the ideal mole fraction, yx. The ideal 
mole fraction corresponds to the conditions under which the partial pres-
sure of component 1 equals its vapor pressure 
Py? = Poi (i-D 
The enhancement factor becomes 
Py 
0 (enhancement factor) = — — (1-2) 
•tr 01 
Dr. B. S. Kirk has built a single-pass flow type phase equilibrium 
apparatus which has been used in this laboratory. The apparatus is 
7C\ 
briefly described in the following chapter and in more detail by Kirk 
and Kirk and Ziegler. Binary systems that have been studied in this 
laboratory have been the hydrogen-methane system by Kirk, ' the 
hydrogen- and helium-argon systems by Mullins, ' and more recently 
O O 
the helium-carbon dioxide system by Liu. Some of these measurements 
have been made in the gas-solid and gas-liquid regions which shows the 
versatility of the phase equilibrium apparatus. A recent survey by 
52 
Hiza provides an excellent review of the cryogenic binary systems that 
have been studied. 
On the theoretical side of the problem, it is possible to obtain 
an exact expression for the enhancement factor. The basic thermodynamic 
criterion of equilibrium between phases is that the chemical potential of 
3 
component (i) in each phase must be equal. Using this basis, Kirk, Kirk 
J „ . , 77 T,. , n 78 M ,. . 107 T . 83 ^ . ., 30 0 . ̂ u 
and Ziegler, Kirk, et al. , Mullms, Liu, Dokoupil, Smith, et 
al., MacKendrick, et al., Prausnitz, et al., Prausnitz and Chueh, 
Chiu and Canfield, and Hiza and Duncan have been able to obtain a 
theoretical expression for the enhancement factor. In many of the studies 
mentioned above, the agreement between theory and experiment is very good. 
These calculations require that one has an equation of state that repre-
sents the gas mixture. The virial equation of state is perhaps the most 
interesting equation to use. Since this equation has a theoretical basis, 
it can provide interesting information about the two and three body inter-
107 52 
action forces between dissimilar molecules. Mullins, Hiza, Chueh and 
Prausnitz, and Hiza and Duncan have demonstrated that the usual geo-
metric combination rule for predicting the interaction virial coefficient 
using the Kihara potential is largely inadequate for the helium binary 
o o 
systems. Liu has also demonstrated that the same type deviation occurs 
when the Lennard-Jones classical model is used to represent the second 
interaction virial coefficient. Some empirical equations as the Benedict-
TT uu D u- /mrr^ 46,76,77,88,107,146 _ . B . , 76,77,107 , Webb-Rubm (BWR) , Beattie-Bridgeman, and 
119 120 
Redlich-Kwong have been shown to predict enhancement factor data 
better at high pressures than the virial equation, but they suffer from 
the lack of a theoretical foundation. 
With the vast surge in the use of electronic digital computers, 
many theories of phase equilibrium can now be investigated which once 
involved calculations that were too laborious. Since most systems en-
countered in industry are the multicomponent type, the actual merit of 
this work is to provide the necessary binary data required to eventually 
4 
allow prediction of multicomponent phase equilibria. This would indeed 
alleviate the cumbersome task of making measurements on these systems. 
148 
A recent paper by Sood and Haselden summarizes the methods presently 
available for prediction of multicomponent vapor-liquid equilibrium in 
cryogenic mixtures. 
Until a model for the liquid solution is assumed, no enhancement 
factor calculations can be made. In systems where the gas solubility in 
the liquid phase is less than 10 percent, it can be assumed that the 
solution is ideal or the activity coefficient, Yi, is equal to one. For 
example, Mullins has shown that the helium-argon system, along the 
three phase line, has an activity coefficient of unity. This work covers 
several degrees of temperature and pressures up to 120 atmospheres. 
The theoretical prediction of the solubility of a high pressure gas 
in a cryogenic liquid is a difficult problem. Pierotti ' has pre-
sented a method of predicting Henry's law constants from first principles. 
i no 
This method uses the scaled particle theory of Reiss and appears to 
have the most potential of any theory concerned with the liquid phase. 
Selection of a Problem 
After a careful examination of existing gas-liquid equilibrium data 
in the literature, it appeared that binary systems with helium as a com-
ponent were among the most interesting. Enhancement factors for the vari-
ous helium binary systems were noted to be always less than three, and 
the solubility of helium in the liquid phase was usually less than 10 
mole percent. The low enhancement factors tend to indicate that the net 
forces present in the gas phase of these helium binary systems are more 
repulsive than the forces in the corresponding hydrogen binaries. The 
low solubility of helium in the liquid enables one to make assumptions 
concerning the liquid phase which are probably nearly correct. Helium 
binary system isobars have been shown by Liu and Hiza and Duncan " to 
exhibit a minimum when plotted versus temperature. This phenomenon ap-
pears to be unique to these systems. Due to these several observations 
and the fact that helium systems have been previously studied in this 
laboratory, it was decided to choose a binary system involving helium. 
In selecting a specific system to study, it seemed best to select one 
that was of practical as well as theoretical interest. 
Helium is found chiefly in natural gas wells, and some work has 
been done to determine the gas-liquid equilibria of these multicomponent 
mixtures. ' The binary interaction data of these components with 
helium are of much interest since they could be used to predict the phase 
8 3 
equilibrium of these mixtures. Liu has obtained interaction second 
virial coefficient data for some helium binary systems using experimental 
, .,., . , _ . , ,. .„ 11,28,30,37,69,133 , ,. phase equilibrium data for helium-nitrogen , ?•>•>•>•> helium-
48,144 94,107,108,144 , .. . 40,47,56,70,145 
oxygen, helium-argon, helium-methane, 
A u i • u A - • A 64,83,88 _. and helium-carbon dioxide. Since some recent experimental data 
•i ui c -i, u i • *.-u 46,53 J U T - 140 
are now available for the helium-ethane and helium-propane sys-
tems, it would be interesting to extract these interaction second virial 
53 coefficients. Except at low temperatures, the helium-ethylene system 
has not been studied, and there are no data available for the helium-
propylene system. Although the unsaturated hydrocarbons are not expected 
to be found in helium-gas wells in any sizable concentrations, a study of 
these systems would essentially complete the study of the cryogenic 
helium-hydrocarbon systems. It would be interesting to compare the inter-
action data of these systems to ethane and propane to examine the effect 
of the presence of a double bond. There is also the possibility that 
these systems might show interesting enhancement factor behavior. A 
large amount of physical property data was also available for these hydro-





General Description of Apparatus 
The phase equilibrium apparatus used in this work has been 
described in detail by Kirk and also by Kirk and Ziegler. A sche-
matic diagram of the single-pass, continuous flow-type device is shown 
in Figure 1. This apparatus has been used for phase equilibrium measure-
ments in the gas-solid and gas-liquid regions. The apparatus will be 
discussed in terms of its use in this work. 
This apparatus has been used to determine the equilibrium com-
position of the gas and liquid phases as a function of temperature and 
pressure. The maximum pressure used in this work was 120 atm, and the 
temperature was always below the ice point and above the normal boiling 
point of liquid nitrogen. 
For systems in which the enhancement factor is near one, the 
operational temperature range depends entirely upon the vapor pressure 
of the liquid. It is felt that under these circumstances the temperature 
range used corresponds to the condensible component vapor pressure range 
of 0.04 to almost 8 atmospheres. At the low vapor pressure end the chro-
matographic analysis is the limiting factor and at the high vapor pressure 
end the liquid evaporation rate determines the limiting temperature. 
The phase equilibrium cell, in which equilibrium is achieved, is 
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"igure 1. Schematic Diagram of \ hase Equilibrium Apparatus 
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inside an evacuated container filled with a powder insulation. Between 
the cell and the copper block cryostat is an annular space partially 
filled with copper wool. Liquid nitrogen is contained in a reservoir 
that is suspended beneath the copper block. This cryogen reservoir is 
connected to the annular space by a small capillary tube extending to the 
bottom of the reservoir. Refrigeration is provided by vaporization of 
liquid nitrogen injected into the annular space. A differential pressure 
regulator maintains a constant pressure above the liquid nitrogen. In 
this way the amount of refrigeration desired can be controlled by simply 
opening or closing the throttling valve located on the vent line. 
Heat is supplied to the equilibrium cell by a direct current heater 
wrapped on the copper block. Temperature control is established by bal-
ancing a slight excess of refrigeration with heat input which is controlled 
by an automatic temperature controller. This temperature controller con-
sists of a calibrated twelve junction copper-constantan thermocouple 
balanced against a reference potentiometer. A galvanometer light, which 
deflects proportionately to the temperature difference, strikes a photo-
cell which causes a sudden increase in heater input. In this work it was 
possible to maintain temperatures constant within ±0.03 K at any point. 
A capsule-type platinum resistance thermometer located in a well 
at the top shoulder of the cell is used for temperature measurements. 
This thermometer has been calibrated by the National Bureau of Standards 
on the International Practical Kelvin Scale (IPTS-48) above 90.18 K and 
has an assigned ice point of 273.15 K. The NBS-1955 scale is used for any 
temperature measurement below 90.18 K. All measurements in this work are 
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reported on the (IPTS-68) as discussed in Appendix C. Difference thermo-
couples are located along the side and at the ends of the equilibrium 
cell. These difference couples enable the experimenter to measure the 
temperature gradients along the cell. 
The high pressure panel contains a pressure regulating valve used 
to establish the pressure of the system. This valve can regulate pres-
sure from 0 to 4500 psi outlet. Two Bourdon pressure gauges were used 
in this work. One gauge reads from 0 to 3000 psi and the second gauge, 
which is read from 0 to 600 psi, has a gauge protector set for 450 psi 
cut-off. These gauges were originally calibrated against a dead weight 
tester by Kirk. In this work, it was necessary to apply a new correc-
tion to the high pressure gauge, see Appendix G. Also located on the 
high pressure panel are the high pressure gas burette and the condensa-
tion burette. These burettes provide one with a reasonable method of 
introducing a known amount of liquid into the cell. 
When temperature and pressure conditions are established in the 
cell, the analysis of the equilibrium gas and liquid phases terminates the 
measurements. Gas chromatographs provide a quick and sufficiently accu-
rate method of analysis. The gas phase flows continuously from the cell 
and a sample can be collected at any time for analysis on a 154D Perkin -
Elmer chromatograph. The liquid sample is collected on the sample col-
lecting panel. This panel contains a mercury filled burette which is 
used to hold the vaporized liquid sample until analysis can be made. The 
liquid analysis is performed on a 154B Perkin-Elmer chromatograph. Both 
chromatographs are calibrated to detect the component of lesser concentra-
tion. The columns used in the analysis and the operating conditions of 
the chromatographs are presented in Appendix D. 
Experimental Procedure 
The vacuum space around the outside of the copper block must be 
evacuated with a mechanical pump. A vacuum of about 50 microns assures 
the operator that temperature control of the copper block can be main-
tained. The equilibrium cell is flushed with the non-condensible component 
to assure that no air or condensibles might remain. About two liters of 
liquid nitrogen are then introduced into the reservoir. This coolant 
lowers the temperature of the insulation powder in the vacuum space and 
helps produce a better vacuum, usually about 35 microns. After filling 
the reservoir, the filling line and the differential pressure regulator 
are closed. This produces a pressure over the liquid nitrogen and causes 
liquid to be injected into the annular space between the copper block and 
the equilibrium cell. To cool down from room temperature to liquid nitro-
gen temperature takes about six hours and requires about three liters of 
liquid nitrogen. Once the approximate temperature is established, the 
reservoir is again filled, and the refrigeration rate is approximately 
balanced by the heating rate. 
The cell pressure and the gas flow rate are established first. A 
flow rate of 100 cc/hr (at cell T and P) is generally used throughout 
these runs. With valves V2 and V3 open, and VI and V4 closed, the liquid 
component can now be introduced into the cell by using either the high 
pressure or condensation burette. The total volume of the equilibrium 
cell is approximately 40 cc. A liquid capillary line extends through the 
center of this cell to a point slightly below the middle of the cell. A 
liquid volume of six cc in the cell causes the liquid level to be flush 
with the bottom of this capillary line. Therefore, approximately 10 cc 
of liquid are initially introduced into the cell. This provides the ex-
perimenter with enough liquid to allow for the evaporation rate in the 
single-pass cell and still obtain a liquid sample for analysis. A liquid 
level indicator is located on the upper portion of the liquid capillary 
line. This indicator consists of a heater in conjunction with a differ-
ence thermocouple. During the withdrawal of a liquid sample through the 
capillary line, the transition from a liquid phase to a gas phase causes 
the difference thermocouple to read a higher voltage for the same heater 
input. This also indicates that the liquid level is flush with the open-
ing in the capillary line and, therefore, six cc of liquid remain in the 
cell. After the desired temperature has been established, gas samples 
are continuously analyzed with the 154D chromatograph. When analysis of 
three consecutive samples differs by less than three percent, it is as-
sumed that equilibrium is reached. During this period the platinum re-
sistance thermometer, pressure gauges, and difference couples are con-
tinuously monitored. After equilibrium is established, the liquid sample 
is collected on the gas collection panel and analyzed on the 154B chromato 
graph. 
During the early part of this work, the liquid level indicator 
developed a short in its electrical circuit, and it could not be used to 
check when the liquid level fell below the liquid capillary line. It is 
1 j 
essential that the liquid level is known after each equilibrium point 
since too much liquid in the cell could cause entrainment. An alternate 
scheme was developed by which liquid samples were withdrawn from the cell 
and analyzed until a large helium concentration was detected. This indi-
cated that the liquid level was slightly below the capillary line and 
about four cc of liquid could now be added to the cell. 
One additional modification of the equipment used in this work was 
concerned with the analysis of helium in the liquid phase. A molecular 
sieve column is one of the few chromatographic columns which will retain 
helium long enough for analysis purposes. It also produces good separa-
tion of the oxygen and nitrogen peaks from helium. Unfortunately all 
hydrocarbons except methane are permanently adsorbed in the column pack-
ing and saturation of the column develops. In order to use the molecular 
sieve column for the liquid phase helium analysis, it was necessary to 
introduce a silica gel column in series with the molecular sieve. The 
retention time of the hydrocarbon in the silica gel column was longer 
than the time required for the helium analysis. It was therefore possibl 
to vent the hydrocarbon gas from the silica gel column to the atmosphere. 
This scheme allowed the molecular sieve to be used. The calibration of 
the 154B chromatograph, shown in Appendix D, indicates that this method 
was very satisfactory. 
The measurement of a gas-liquid equilibrium point along a given 
isotherm takes about two and one-half to three hours. Temperature gradi-




EXPERIMENTAL RESULTS AND DISCUSSION 
Experimental Results 
Phase equilibrium results for the helium-ethylene and helium-
propylene systems are shown in Figures 2 through 9. The actual experi-
mental data are presented in Appendix E. The enhancement factor versus 
pressure curves represent the same curves from which the smoothed data, 
Appendix G, have been obtained. 
Figures 2 and 3 show a comparison of the available experimental 
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data for the helium-ethylene system by Hiza and Duncan at 130 and 150 
K. Figure 4 shows the additional five isotherms for the helium-ethylene 
system. These isotherms correspond to the following temperatures: 
162.00, 173.99, 188.02, 202.01, and 216.04 K. A very interesting plot 
of enhancement factor versus 100/T for a given pressure is shown in Fig-
ure 5. The isobars shown in this Figure were for 120, 60, 20, and 10 
atmospheres. The liquid phase compositions are shown in Figure 6 for 
this system. No liquid phase data are available for comparison. 
Since no experimental data were available for the helium-propylene 
system, no comparison could be made. The five enhancement factor versus 
pressure isotherms presented in Figure 7 are in the gas-liquid region. 
These five isotherms were reported at the following temperatures: 200.00, 
212.49, 224.99, 239.99, and 254.98 K. A plot of enhancement factor versus 
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Figure 4. Experimental Enhancement Factors of Ethylene in Helium 
at 162.00, 173.99, 188.02, 202.01, and 216.04 K. 
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Figure 6. Experimental Solubility of Helium in 
Liquid Ethylene. 
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Figure 8, Experimental Enhancement Factors of Propylene in 
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Figure 9. Experimental Solubility of Helium in 
Liquid Propylene. 
100/T for the 120, 60, 20, and 10 atmosphere isobars is presented in Fig-
ure 8. The liquid composition as a function of temperature is presented 
in Figure 9. In addition to the above mentioned isotherms, two additional 
isotherms were measured in the liquid region. These measurements are re-
ported at 175.00 and 187.49 K. 
Discussion of Results 
The helium-ethylene system has been shown to exhibit the following 
trends. For a given pressure, the two lowest enhancement factor isotherms, 
129.98 and 150.01, which are shown in Figures 2 and 3, decrease as the 
temperature increases. The five other enhancement factor isotherms, Fig-
ure 4, show the reverse trend by increasing as the temperature increases. 
This effect is shown very clearly in the isobar curves of Figure 5. This 
figure plots the enhancement factor versus reciprocal temperature for a 
given pressure. The minimum in the enhancement factor isobar curves 
demonstrates this upward trend of the enhancement factor. These results 
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verify the supposition of Hiza and Duncan that this system should show 
a minimum in the isobar curves. A maximum in the low pressure isobar 
curves was clearly expected since it is known that, at the temperature 
corresponding to the vapor pressure of 10 atmospheres, the enhancement 
factor must go to one. The gas composition ranged from 0.045 to 22.9 
mole percent ethylene in the helium. 
The liquid solubility shows the reverse solubility effect. This 
means that the solubility increases with increasing temperature. The 
solubility curves bend downward at high pressure indicating negative 
24 
deviation from Henry's law. The highest isotherm shows only three mea-
sured points due to the high liquid evaporation rate. The liquid compo-
sition ranged from 0.040 to 1.95 mole percent helium. 
The accuracy of the gas and liquid phase results is estimated as 
± 3 percent for the 162.00 K and higher isotherms. The two lower iso-
therms have an estimated accuracy of about ± 4^ percent. 
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The results of Hiza and Duncan compare favorably with the results 
of this work. The comparisons made in Figures 2 and 3 show that the re-
sults of Hiza and Duncan are consistantly higher than the results of this 
work. The 130 K results are high by about three percent at all points. 
The 150 K isotherm, at 120 atmospheres, shows the greatest discrepancy of 
about six percent. The combined experimental uncertainty of these data 
in this range is about ± 7 percent. Hiza and Duncan estimate their un-
certainty as being about ± 2 percent, but their points show scatter of 
about ± 3 percent. Considering the total experimental error involved and 
the difficulty of operating a thermal conductivity chromatograph in the 
low concentration region, the two sets of data agree fairly well. 
The enhancement factors for the helium-propylene system have shown 
the following trend. Five enhancement factor curves are shown in Figure 
7 for this system, and they all apparently increase with increasing tem-
perature. The spacing of the enhancement factor curves shown in Figure 7 
indicates that the minimum in the enhancement factor isobar curves is 
slightly below the lowest measured isotherm, 200.00 K. Figure 8, which 
shows the experimental isobar curves for this system, tends to confirm 
this statement. This experiment was initially designed to include two 
lower isotherms, 187.50 and 175.00 K, which would have possibly verified 
the position of this minimum. Although these two isotherms were studied 
in this work, the results obtained for the gas phase composition, from 
which the enhancement factor is calculated, are not reported. The values 
obtained for these isotherms appear to contain a systematic error, which 
is discussed in detail in Appendix D. The experimental gas phase compo-
sition range was from 13.83 to 0.230 mole percent propylene. The three 
highest isotherms 254.98, 239.99, and 224.99, are uncertain to ± 3 percent, 
and the remaining two isotherms, 212.49 and 200.00 K, are uncertain to 
about ± 4-g- percent. 
The helium solubility in propylene, similar to the helium-propane 
system, was larger than was shown in the helium-ethylene and helium-ethane 
systems for the same reduced temperature. The experimental liquid compo-
sitions ranged from 0.087 to 2.26 mole percent helium. These curves show 
the usual reverse solubility and also the usual negative deviation from 
Henry's law. The liquid analysis in this system is believed to be accurate 
to ± 3 percent for these five isotherms, but the lowest two isotherms, 
175.00 and 187.49 K, are uncertain by about ± 4-g- percent. 
The uncertainties of these experimental results were estimated 
from the scatter in the chromatograph calibration curve, the pressure gauge 
uncertainty of ± § percent, and the temperature uncertainty of ± 0.03 K. 
These uncertainties are reflected in the amount of scatter of points along 
an experimental isotherm. Appendix D shows the calibration curves for 
all of the required analyses, and ± 3 percent error bars are shown on all 
curves. 
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A single-pass phase apparatus, such as the one used in this work, 
suffers from the possible inadequacy that one could theoretically reach 
a steady state situation and not equilibrium. This situation can occur 
if the flow rate through the equilibrium cell is too fast. Kirk, 
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Mullins, and most recently Liu have all verified that a flow rate of 
100 cc/hr at the cell temperature and pressure is sufficient for equilib-
rium. This flow rate through the cell corresponds to a residence time of 
25 minutes. It is not sufficient to assume that this same flow rate 
would necessarily be sufficient for the systems studied in this work. In 
the helium-ethylene system, four experimental points were reproduced using 
a flow rate twice as high as the recommended value of 100 cc/hr. The 
temperatures of these points ranged from 150 to 202 K and pressures from 
42.3 to 119.3 atmospheres. These experimental results agreed well within 
the quoted experimental accuracy, and they tend to verify that equilibrium 
results were obtained at flow rates near 100 cc/hr for this system. 
In the helium-propylene system, the phase equilibrium measurements 
along the 175.00 K isotherm at 119 and 23 atmospheres were rerun at twice 
the normal flow rate. These results agreed with the earlier measurements 
within the estimated experimental uncertainty. A recent experimental 
check of the experiment by Mr. Y. K. Yoon verified values of the 200.00 
K isotherm. These results were run at flow rates slightly higher than 
100 cc/hr, and they are in excellent agreement with those of this work. 
CHAPTER IV 
THEORETICAL CALCULATION OF THE ENHANCEMENT FACTOR 
Introduction 
The basic criterion for equilibrium between phases at the same 
temperature and pressure is that the chemical potential of each compo-
nent be the same in each phase. For a binary system in gas-liquid equi-
librium the following equation is used: 
^ L = ^ G i = 1, 2. (IV-1) 




The chemical potential of the liquid mixture is given as 
nhp.T^i) = ^(P,T) + RT jfcnCYi'x!) (IV-3) 
In this equation, the activity coefficient, which is a function of tem-
perature, pressure, and mole fraction of component 1, approaches unity as 
xT approaches unity. It is possible to express the chemical potential in 
terms of more fundamental measurable quantities. The chemical potential 
of a pure condensed phase has been given as: 
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The chemical potential of component 1 in a binary gas mixture is given 
as: 
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Equation (IV-7) has been put into an alternate form by Mullins 
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From Equations (TV-7) or (IV-8) it is possible to calculate the 
enhancement factor, Equation (1-2), provided the following information is 
available: first, the liquid phase data required are saturated molar 
volume and compressibility data for pure component 1. Second, the compo-
sition of the liquid phase must be known. Third, experimental data or 
an assumption about Yi must be made, and fourth, for the gas phase, it is 
necessary to have an equation of state for pure component 1 and the gas 
mixture. 
The hydrocarbon liquids studied in this work have very few compres-
sibility data. A generalized average isothermal compressibility has been 
used for these systems. The isothermal compressibility is defined as: 
" " v- ( ^ ) _ <»-»> 
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and is a function of temperature and pressure. Heck has shown that the 
average isothermal compressibility can be calculated by: 
= vV LP 
Vn - Vn 
T ^ - P J^ 
max oi T 
(IV-10) 
where the upper pressure P is the highest value of interest. From r r r max & 
Equation (IV-10) an expression for the molar volume of the compressed 
liquid is obtained: 
Vl = Vl° (i - e T (p - p01)) (iv-ii) 
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Using Equation (IV-11) i t i s now poss ib l e to eva lua te the f i r s t i n t e g r a l 
in Equation (IV-7) as fol lows: 
i rF ° 
J- v-, 
R T J V l d p = ^ 
" 0 1 
3, 
(p - p 0 1 ) ( l + 3 T P 0 1 ) (p< P o i ) (IV-12) 
Since values of [3 are usually much less than one, it is possible to re-
write Equation (IV-12) as 
_1_ 
RT 
VldP = RT L ( P ' Poi) ' T (P " Voi) (IV-13) 
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Equation (IV-13) was used in this work. Heck has shown that in the case 
of carbon dioxide the above described method compares very well with the 
more elaborate methods of evaluating this integral. Since the contribu-
tion of this term to the enhancement factor is very small, it appears 
that these assumptions are realistic. 
The activity coefficient, Yi, has been assumed to be unity for the 
systems studied. This is equivalent to assuming that the solution behaves 
ideally. Mullins has verified that, for the helium-argon system, the 
activity coefficient is unity along the three-phase line. This work was 
performed over a very narrow range of temperature, several degrees, and 
pressures up to 120 atmospheres. Since the systems studied experimentally 
in this work show values of x2 always less than three percent, neglecting 
the activity coefficient appears to be a good assumption. The helium-
ethane and helium-propane systems, which were studied theoretically in 
this work, each showed maximum values of x2 of about 10 percent. There 
may be some question about the value of Yi at this concentration level, 
but the majority of the x2 values for these systems were much less than 
10 percent. 
The remainder of this chapter is concerned with the evaluation of 
the remaining integrals in Equation (IV-7) or (IV-8) which require a 
choice of an equation of state for the pure component and the gas mixture 
Two equations of state are used in this work: the theoretical virial 
equation and the empirical Benedict-Webb-Rubin equation. Both of these 
equations have been extensively used to describe the P-V-T properties of 
pure components and gas mixtures. 
Virial Equation of State 
The virial equation of state is an equation of state based on 
statistical mechanics. This equation has been used to describe the 
P-V-T properties of pure gases and gas mixtures. Equation (IV-14) shows 
this equation in its most useful form: 
f f . i + § + £ 
The virial coefficients B and C are a function of temperature. For a 
gas mixture these virials are given by 
^ = y?B n + 2Yly2B12 + yfBgg (IV-15) 
Cm = y?Cin +- 3yfy2Cll2 + 3yiy|c122 + y 2C 2 2 2 (IV-16) 
If Equations (IV-13), (IV-14), (IV-15), and (IV-16) are used to-
gether in Equation (IV-8), the following expression is obtained for the 
enhancement factor: 
la ({)) . £ [(p - P o i ) . h (P* . P?1 >] + ^ + ^ (IV.17) 
X n / z x 2 ( Y I B H + YgB lg) _ 3 ( y ? C m + 2 y i y 2 C 1 1 2 + y f c 1 2 2 ) 
01 V 2V5 
m m 
+ in (Z ) + j£n(xn) 
m 
The major difficulty in predicting the enhancement factor is in the cal-
culation of the pure and interaction virial coefficients. Once their 
values are known, the solution is obtained by a simultaneous solution of 
Equation (IV-14) and (IV-17) for V and y1. 
Although Equation (IV-17) has been derived for gas-liquid equilib-
rium, its application to the gas-solid region requires only two assump-
tions. First, the solid is assumed to be pure component 1. Mullins 
studied the freezing point curve in the helium-argon system to pressures 
of 120 atmospheres and concluded that the solid was essentially pure. 
Since the pressure of this present work does not exceed 120 atmospheres, 
this appears to be a reasonable assumption. Therefore, the term, JLn (xx), 
is equal to zero. The second assumption is that the solid phase is essen-
tially incompressible at the pressures used in this work. The value of 
j3 is therefore taken to be zero. The value of the molar volume becomes 
that of the saturated solid component 1 at that temperature. 
Calculation of Virial Coefficients 
Second Virial Coefficient 
A potential energy function represents the potential energy ex-
perienced by two molecules as a function of the distance between the 
molecules. If the potential function is given for pure or mixed inter-
actions, it is possible to calculate the corresponding second virial 
coefficient using the following relation from Hirschfelder, et al. : 




b (r) = —r-^ r3 (IV-19) 
o J 
Two potential functions, the Lennard-Jones (6-12) and the Kihara (6-12), 
have been used in this work to describe the interaction between molecules. 
The Lennard-Jones (6-12) potential function represents the sum 
of two potential functions. One function is an attractive energy inversely 
proportional to the sixth power of the distance of separation, and the 
other function is a repulsion energy inversely proportional to the twelfth 
power of the distance between molecules: 
12 
U(r) = 4e [(f) - (f) ] (IV-20) 
The value of r represents the distance between the two point masses. 
The value of a corresponds to the distance between molecules, r, when 
U(r) = 0 and e corresponds to the minimum in the potential function. 
This minimum occurs at 
r = 26a. (IV-21) 
The other potential energy function used in this work is the Kihara 
73 74 
core model. ' The Kihara and Lennard-Jones models differ in their de-
scription of the molecule. The potential function used in this model is 
very similar to Equation (IV-20): 
^ - \ [(y 
/P \12 /p N 6 -
If) - 2 (y (IV-22) 
The value of p represents the shortest distance between the molecular 
cores. The two adiustable parameters, U and p , are interrelated since 
' o o' 
p corresponds to the distance p when the potential function is a minimum 
U = U . 
o 
Lennard-Jones Classical Model (LJCL). Using Equations (IV-20) and 
(IV-18), Hirschfelder, et al. have obtained a reduced second virial co-
efficient, B , which is a function of reduced temperatures: 
L» J_i 
Bij = (bo)ij BCL <TiJ> <IV"23> 
where 
T. . = j ^ — (IV-24) 
and (b ) . . i s r e l a t e d to o by 
o I J 
2TTN, o? . 
( b o ) . . . ^ ^ ( IV-25) 
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For pure components, i is equal to j; i is not equal to j for mix-
tures. Mixing rules are required for the interaction parameters. The 
most commonly used ones are 
k/. . \k/. \k, 
ij i J 
(IV-26) 
<bo>ij = * ( b ! i + b f / ( i v - 2 7 ) 
Equation (IV-27) i s equ iva len t to using 
o12 =
 CTl t QS (IV-28) 
in Equation (IV-25). Hence, from the pure potential parameters, it is 
possible to obtain estimates for the mixture parameters. 
•JV 




B*(T*)= Y b ( j ) (T?.)" ( 1 + 2 j ) / 4 (IV-29) 
LL Z_J i j 
where 
^(J)-(4^) (̂ r1) 
The values of b have been recomputed by Kirk and agree well with 
those of Hirschfelder, et al. except at b which was -0.3386316 X 10 
as compared to -0.3387440 X 10"5 computed by Hirschfelder, et al. The 
36 
values of Kirk have been used in this work. 
73 
Kihara Core Model (KIH). The Kihara model " assumes an impene-
trable core rather than a point mass as does the Lennard-Jones model. 
In the Kihara core model, molecular cores are described in terms of three 
parameters, M , S , and V . The following equation from Prausnitz and 
O O O o -i 
122 
Myers is used in these calculations for pure and mixed virial coeffi-
cients : 
(B v).. 0 M . + M . / S . + S . 
K J-J = 2H ( )3 _oi oj_ a F (_o1 02 
N 3 (PoJij^3 + 2 l Po jiJ2 + V 2 (IV-31) 
A J 
M .M .v V . + V . M .S . + M .S . 
0 1 °J) fn \ V | Q 1 O.I , Q 1 OJ °J Q 1 + -*rL) Kh?i+ 2 8n 
Mixture rules required for the interaction parameters are 
l i 
(U ) . . = (U . ) * (U . ) s (IV-32) 
O 1J Ol OJ 
p . + p . 
(p ) . . = °X 9
 Q 1 (IV-33) 
o IJ 2 
The functions F-, , FP , and FQ are all functions of Z, where Z = (U ) /1m. L i d 9 J J ' o 12/kT 
73 
These functions can be calculated from the relation given by Kihara. 
^-dtjjr^)]^12 
j=o 
or can be rewritten: 
37 
F = ) b ( j ) Z
( 6 j + S ) / 1 2 (IV-35) 
s .L-i s 
J=o 
where s = 1, 2, and 3. Mullins has calculated the values of the first 
40 terms of b . These results have been presented by Kirk, and they 
are used in this work. 
27 
DeBoer and Michels have presented an expression to calculate the 
contribution of the quantum corrections to the calculation of the second 
virial coefficient. For pure quantum gases like helium, hydrogen, and 
122 
neon, these quantum corrections are essential. Prausnitz and Myers 
have indicated that, for interactions between one quantum and a non-
quantum gas, these corrections may still be necessary. For this reason 
quantum corrections are included for these helium system. The second 
virial coefficient becomes: 
Bij • <Vij * <Vij C ( V 2 B I + <^/Bn - < W ( I V-3 6 ) 
The reduced quantum mechanical parameter y\ can be calculated by: 
A " = ^ . . . ^ ( u / k ) , , ( I V - 3 7 ) 
1J 1J O lj 
Using the Kihara core model parameter, it is possible to obtain a value 
122 
for 
A M . 4- M 
o. . = 2~& p . . + -2 ^ - 2J ( I V_ 3 8 ) 




m. . = -P (IV-39) 
J A 
+ ^- (IV-40) 
M. . M. M 
ij i J 
The two correction terms, B and B , are given by the equations : 
b(j) ( T* r(6 j +13)/12 ( I V. 4 1 ) 
j = o 
B* = Y b^> (T*r(6J+23)/12 (IV.42) 
J=° 
where 
- # - C
3 0 2 4 - 1 ; , ! ^ 1 + 767)(^T^) F (^^) (XV-44) 
The first 42 values of b.J and b ^ have been computed by Kirk and are 
used in this work. The last term in Equation (IV-36) is the ideal gas 
i< 
quantum correction, B , given by the equation: 
B = s „ A (IV-45) 
32 TT2" (T T 
All Kihara second virial coefficient calculations for helium and the mixed 
virials include quantum corrections. 
39 
Kihara Core Model with K13 (KIHK12). The idea of a correction to 
the geometric mixing rule for the energy parameter in the Kihara potential 
function has been a topic of considerable interest. It was shown by Praus-
-] /* 1 "7 O O 
nitz ' ' that the introduction of a correction to the geometric mixing 
rule enabled the Kihara potential to represent the interaction second 
virial coefficient data more exactly. The correction factor (1 - K 1 2 ) , 
where K12 is an empirical constant for each binary system, has also been 
52 53 107 
used by other investigators. ' ' In all cases investigated, the lin-
o o 
ear average for (p ) 1 3 was assumed to be valid. Liu has recently at-
tempted to extend this idea to the Lennard-Jones potential function. Some 
experimental values of K1S are presented in Chapter V. 
Mathematically this method requires changing the depth of the 
Kihara mixture potential well by a factor (1 - K 1 3 ) : 
(U ) = (1 - K ) (U ) (IV-46) 
o 12 12 o 12(Geometric) 
where 
(U ) (r _ . s = (U U )
2 (IV-47) 
o 12(Geometric) oi 02 
Therefore, the only change made in the Kihara core model program was to 
introduce the (1 - K12) factor. In cases where the K12 value was experi-
mentally determined the predicted enhancement factors were called KIHEK12. 
53 
As is discussed further in the following chapter, Hiza and Duncan 
have presented an excellent correlation of K12 as a function of ionization 
potential. Values of K12 calculated from their equation were used to cal-
culate the enhancement factor equation, and they were called KIHCK12. 
40 
Third Virial Coefficient 
The third virial coefficient like the second virial coefficient is 
a correction to the ideal gas law. Being a higher order term in the viria 
expansion, the third virial coefficient is concerned with the three-
molecule interactions. To describe the interaction of three molecules, a 
three-body potential energy function is required. Since little is known 
about three-body forces, a common assumption made in molecular physics 
is to use pairwise additivity of the intermolecular potentials. This 
corresponds to the assumption 
U. #1 = U. . + U.. + U.. (IV-48) 
ljk ij lk jk 
Using this potential function, the classical third virial coefficient of 
141 
a gas can be written as, 
AA 8 ^K add _ A f i 2 f i 3 f s 3 r i 2 r i 3 r23 d r 1 2 d r l 3 d r 2 3 (IV-49) 
where 
f.. = exp (- U. . /kT) - 1 (IV-50) 
i j i J 
Numerical calculations of Equation (IV-49) have been performed for the 
Lennard-Jones potential by Bird, et al., Kihara, ' Rowlinson, et al., 
and Sherwood and Prausnitz. For the Kihara potential function, 
141 
calculations have been made by Sherwood and Prausnitz assuming a 
spherical core. 
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It has been shown by Kihara ' that, at low temperatures, there 
41 
are large discrepancies that arise between the measured third virial co-
efficients of the inert gases and the theoretically calculated values 
assuming pairwise additivity. Although the third virial coefficients at 
41 
low temperatures have a large uncertainty, Graben and Present have 
pointed out that the non-additivity contributions to the third virial 
coefficient calculation can be significant, especially at low tempera-
tures. The non-additivity correction as described by Sherwood and 
. 141 . 
Prausnitz is given as, 
2 8 T^N ZU 
- -k!1 (exp (- § ) - : 
X ri2 ri3 r2 3 dr 1 2 dr 1 3 dr23 
where 
EU = Uia + U13 + U23 (IV-52) 
and AU (r12,r13,r23) is the three-body interaction energy. If AU is 
taken as zero, then 
otherwise 
C = C a d d (IV-53) 
C = C a + AC (IV-54) 
To add to the complexity of this problem, the non-additivity term 
AC is split up into a dispersion (attractive) and overlap (repulsion) 
portion. So Equation (IV-54) becomes 
C = C a + AC(overlap) + AC(dispersion) (IV-55) 
42 
AC(dispersion) has been calculated for the Lennard-Jon.es (6-12) 
potential by Fowler and Graben, Graben and Present, " and Sherwood and 
141 
Prausnitz. Similar calculations were performed by Sherwood and Praus 
142 
nitz on the Kihara (6-12) potential. Sherwood and Prausnitz have 
demonstrated that AC(dispersion) is always positive and that its contri-
bution becomes more significant at low temperatures. 
Calculations of AC(overlap) have been made, but they involve addi-
42 143 
tional difficulties. Graben, et al. and Sherwood, et al. have made 
calculations for the Lennard-Jones (6-12) potential. Both papers con-
firmed that the AC(overlap) term is definitely not negligible. The sign 
of this term is negative and its magnitude is almost exactly the same as 
the AC(dispersion) values. Although the uncertainty of these numbers is 
very large, the effect is essentially that of cancellation of the non-
additivity effects. No values of AC(overlap) appear to have been calcu-
lated for the Kihara core potential. 
141 
The paper of Sherwood and Prausnitz, which presents 
C = C + AC(dispersion) (IV-56) 
for the Lennard-Jones and Kihara (6-12) models, bears out the above dis-
cussion concerning the Lennard-Jones AC(overlap) contribution. Their 
comparison of the calculated Lennard-Jones model values are all consider-
ably higher than experiment and undoubtedly the inclusion of AC(overlap) 
would improve the predicted results. That paper also shows that the Ki-
hara model calculations which include the AC(dispersion) values represent 
the experimental data for argon, krypton, and nitrogen very well, but they 
appear to be excessively high for xenon, carbon dioxide, carbon tetra-
fluoride, and heavy hydrocarbons. 
Because of the evident uncertainty in the third virial calcula-
tions, it was decided to use two different models for these calculations. 
The first model is the Lennard-Jones classical (6-12), and the other model 
is the recent corresponding-states correlation of Chueh and Prausnitz. 
Since some third virial coefficient data are available for the pure hydro-
carbons and helium (see Appendix F), it is felt that a comparison of 
methods is in order. Unfortunately, due to the steepness in the experi-
mental third virial coefficient curve at T_. = 0.80, and since few data 
Ri 
are available in the negative region, little comparison could be made be-
low that reduced temperature. 
Lennard-Jones Classical Model (LJCL). In past theoretical work 
done in this laboratory to predict the enhancement factor, the Lennard-
Jones model has been used to describe the third virial coefficient. The 
expression used to calculate the third virial coefficient is given by 
Hirschfelder, et al. 
C .. = Cd." = (b ) * .. H (T. .. ) (IV-57) 
ljk ijk o ijk CL ljk 
where the reduced third virial coefficient is given by 
4 < j k> • I <
(j) < k >~
( j + 1 ) / 2 CIV-58) 
j = o 
The c values used in this work were the first 21 values given by Row-
137 
linson, et al. For mixtures the following combination rules were used; 
44 








i i i i in 
(b ). .. = ̂ - (b )? + (b )? + (b ) 
oijk 27 L o i o j okJ 
(IV-60) 
The pure and mixture third virial coefficients calculated do not include 
any non-additivity corrections. This method of predicting the third 
virial coefficients has been used only in the Lennard-Jones program to 
predict the enhancement factor. 
Method of Chueh and Prausnitz. In an attempt to alleviate some of 
the difficulties encountered in the third virial coefficient calculations, 
Chueh and Prausnitz have presented an approximate corresponding-states 
correlation for the third virial coefficient of non-polar gases. This 
correlation uses reliable experimental data in a reduced form. The 
generalization is expressed as a function 
w - fc ( f • d ) <IV-61) 
c c 
and 
$r = (0-232 TR"°-
25 + 0.468 TR"
5)(1 - exp (1 - 1.89 TR
2)) (IV-62) 
c 
+ d exp (- 2.49 + 2.30 T_ - 2.70 T_2) 
K K 
where 
TR = ~ (IV-63) 
c 
The term containing the parameter d becomes important at T < 2.0. 
K 
Although no correlation has been presented by them for d, its value ap-
pears to be directly related to the molecular size and polarizability of 
the molecule. Chueh and Prausnitz give some values of d for pure 
gases, and they show how to estimate d using reduced third virial coef-
ficient data. In this work, the parameter d was estimated for a variety 
of compounds using third virial coefficient data. These data for ethane, 
ethylene, propane, and propylene are presented in Appendix F, and the 
32 
data for the other compounds come from the book of Dymond and Smith. 
These values of d are presented in Table 28 of Appendix F. Other physi-
cal property data required for these calculations are also presented in 
this table. 
For the quantum gases, a modification of the corresponding states 
behavior is required since these gases must be described by quantum rather 
than classical, statistical mechanics. Chueh and Prausnitz have pre-
sented a method of obtaining effective critical constants, that is, the 
effective critical constants in the limit of high temperatures. For 
helium, these constants are T = 10.47 K and V =37.5 cc/gm mole. The 
equations given by Chueh and Prausnitz are 
T° 
T = ^— (IV-64) 




vc • — b r <IV-65) 
M T 
These critical constants are now used to calculate the third virial co-
efficient using Equation (IV-62). 
To calculate the third virial coefficients of mixtures, Chueh and 
Prausnitz have recommended the approximation suggested by Orentlicher 
and Prausnitz as the best now available. Applying this approximation 
for mixture virial coefficients to the correlation of Chueh and Praus-
nitz, one obtains 
C. M = (C. .C., C.. )
3 (IV-66) 
IJK ij ik jk 
where 
C. . = V3. . f (TT 1-, d. .) (IV-67) 
ij cij c \T ' ij/ 
For mixtures containing one or more quantum gases, the binary critical 
constants are 
(1 - K )(T°.T°.)* 
T







vcij = ; r 9?ii-
M12T 
d. + d. 
d. . = -±-z 1 (IV-70) 
ij 2 
2M. M. 
M- • = M \ M (IV-71) 
11 M. + M. 
i J 
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The K12 used in Equation (IV-68) is obtained from interaction second 
virial coefficient data. This K12 is the previously mentioned correction 
to the geometric mixing rule for the Kihara potential function, Equation 
(IV-46). Due to this correspondence to the Kihara model, this method of 
Chueh and Prausnitz is used to calculate all third virial coefficients 
in the Kihara enhancement factor programs. All of the third virial co-
efficients, C l l l 5 C 1 1 2, C 1 8 2, and C 2 2 2, are calculated from this method 
when T = 0.80. Due to the steepness of the third virial coefficient 
R 
curve at T < 0.80, Chueh and Prausnitz recommend setting the coeffi-
R 
cients C n i and C112 equal to zero, but the other coefficients, Q322 and 
^122> a r e still calculated. This recommendation was followed in this 
work. 
Benedict-Webb-Rubin Equation of State (BWR) 
The Benedict-Webb-Rubin equation of state is an empirical equation 
which contains eight adjustable parameters. This equation of state has 
been used to predict enhancement factors in gas-liquid and gas-solid bi-
46,76,77,88,107,146 
nary systems. BWR parameters for helium have only 
46 
recently become available and thus, very few calculations have been made 
46 8 8 
for these binary systems. ' Since originally the BWR equation was 
written for use on hydrocarbons and hydrocarbon mixtures, it would be 
interesting to see how this equation predicts phase equilibrium for the 
helium-hydrocarbon systems and to determine if the empirical BWR equation 
is able to predict the unusual shapes shown by the isobar curves for the 
helium systems. 
The method of prediction of enhancement factors using the BWR 
48 
46 
equation has been described in great detail by Heck. In this work the 
same approach has been followed, and only the equations used and the method 
of solution of these equations will be presented here. The BWR equation 
for mixtures can be written as 
m\ ( m 
Drr RTB' RTC' a a °m \
l + V2 J 6 X p V" V2. 
p . | T + _ m ^ _ m _ | L _ T ^ m + m _ ^ m_ 2 ) 
Vm Vm < V^ V^ T2 
where 
B' 
m v~oxm RT RT 
(A ) (C ) 
(BJ„ - - ^ - ̂ 3 ^ (IV-73) 
c ; = \ - RI < I V - 7 4 > 
The mixture rules used are 
N m = y?N n + 2ylY2N12 + y|N22 (IV-75) 
for N = A , B , C , and Y- Values of N12 are given by 
N12 = (N xN 2r (IV-76) 
for A , C , and Y- The calculation of (B ) 1 2 has been a subiect of much o o o J 
46 
interest. Heck uses the more common Lorentz average for his calcula-
tions. Mullins has pointed out that, according to Benedict, et al., 
the linear average should be used in the prediction of phase equilibrium, 
and he demonstrated that the linear average gives the best results for 
the hydrogen-argon system. In this work both the 
49 
(B )x2(LINEAR) = 
(B + B ) 
O i l 02 2 ( IV-77) 
and 
i Jk 
(B J 1 2 (L0RENTZ) = | [ ( B )
3 + (B ) 3 ] 3 
oi l 02 2 
(IV-78) 
averages have been investigated. The enhancement factors predicted are 
called BWR(LINEAR) and BWR(LORENTZ), respectively. The other parameters, 
a, b, c, and a, are combined using the following rule 
N = 
m y i N i n +• 3 y
2 y 2 N 1 1 3 + B y ^ N ^ s + y 2 N 2 2 S (IV-79) 
where 
N. .. = (N.N.N. ) 
ijk I j k 
(IV-80) 
Equation (IV-72) applies to pure components by letting y2 = 0 and so ob-
taining 
N = N m (IV-81) 
E q u a t i o n ( IV-7) and t h e BWR e q u a t i o n fo r m i x t u r e s and p u r e compo-
46 
n e n t s a r e combined to g i v e t h e enhancement f a c t o r e q u a t i o n 
Jfcn0 = in 
PV 
PQ I ^o l RT 
(P - P0 1) - - f (P
2 - pg,) + ^ ^ ( IV-82) 
v o i 
+ 2VQ! 5RTV0f
 + RT 3 Y l RT
3 &Ap V V 0
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m 
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2V2" 5RTV5 RT^Y 
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+ in (YiXi) 
In this equation the combination rule 
N = (N N N ) 3 (IV-83) 
imm 1 m m 
is used for a, a, and c, where N is given by Equation (IV-79). For Y, 
the combination rule 
N = (N N ) s (IV-84) 
1 m 1 m 
is used, where N is given by Equation (IV-75). 
Provided the BWR constants are available for the two pure compo-
nents, the prediction of the enhancement factor amounts to a solution of 
Equations (IV-72) and (IV-82) for V and y . The method of solution is 
46 
basically the Newton-Raphson method as described by Heck. In this work, 
the activity coefficient has been taken as unity and the value of xT used 
in this calculation was the experimental value. 
Kirk has shown that Equation (IV-72) can be put in a form similar 
to the virial equation, Equation (IV-14), with some of the higher order 
volume terms missing. This was done by expanding the exponential term 
and collecting similar terms. The following equations are reported by 
Kirk for the virial coefficients 
(A ) . . (C ) . . 
"ij - <Vu - -ir1 - ^ # (IV"85) 
ci j k =
 bi j k " T ^
 + ^ < I V" 8 6 ) 
In this way it was possible to get values for the pure and interaction 
virial coefficients from the BWR equation. Values calculated using these 
equations are presented in Chapter V and Appendix F. 
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CHAPTER V 
DETERMINATION OF THE INTERACTION SECOND VIRIAL COEFFICIENT 
FROM PHASE EQUILIBRIUM DATA 
General Discussion 
Although pure virial coefficients have been measured for a variety 
of gases, data concerning the interaction virial coefficients are very 
scarce. Most of the data found are at room temperature. The interaction 
second virial coefficient, B 1 3, physically represents the two-body inter-
action between two dissimilar molecules. If one had a potential function 
for the interaction pair, it would be easy to calculate B12 using Equa-
tion (IV-18). If the interacting molecules are very dissimilar, the 
interaction potential function is hard to predict and actual experimental 
data are necessary. 
There are a variety of methods by which B12
 maY be extracted from 
measurements on binary gas mixtures. These methods are: 
1 C\ 1 
(1) P-V-T measurements on the gas mixture at low pressures. 
9 
(2) The Burnett method. 
(3) Measurement of the pressure change on mixing two gases at 
23 
constant volume and temperature. 
(4) The Joule-Thomson expansion. 
159 
(5) Velocity of sound techniques. 
21 
(6) Beam scattering experiments. 
/ I N T,1 • 1 . 1 . • 1 Q 7 
(7) Phase equilibrium measurements. 
53 
All of these methods of obtaining B 1 2 require an accurate knowledge of 
the pure virial coefficients. In the first six methods, when one com-
ponent is below its critical, the composition of the condensible compo-
nent must always be kept less than the equilibrium gas phase composition • 
or else a condensed phase will form. Hence, these methods become awkward 
to use at low temperatures. In addition to this, accurate volume measure-
ments at low temperature are extremely difficult. There are some data 
• -, t.-. i - I T , i , 12,20,58,60,105,106 
available at low temperatures using the Burnett method, 
O "7 
and more recently Brewer and Vaughn and Brewer have measured the pres-
o 
sure change upon mixing for a variety of gas mixtures down to -150 C. 
Due to the problems associated with making direct measurements on 
gas mixtures at cryogenic temperatures, most of the low temperature B 1 2 
data found in the literature have been extracted from phase equilibrium 
measurements. The method referred to has been used by Reuss and Beenak-
131 n , ., 30 „ , , . 107 T . 83 , ̂  . , „ r. ,, 15 m1 . ker, Dokoupil, M u l l m s , Liu, and Chiu and Canfield. This 
method is described in the following section. 
Extraction of B]_2 from Phase Equilibrium Data 
Since the measurements of phase equilibrium data provide the en-
hancement factor and the liquid phase composition, it is possible to re-
arrange the virial form of the enhancement factor, Equation (IV-17), to 
give 
V r 
= 2y7 lY^+ Tvgf" " i n ( Z o i ) " 2V5" ( y ? C l 1 1 + ^i^Cxxs (V-l) >12 
o r (3 
+ y|c1 2 2) + j ^ [ ( p - P 0 1 ) - -j- (P
2 - ?201) 
2 yi * ^ 
m (Continued) 
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+ In (Z ) + in (Xl) - in (p^j] 
Along a given isotherm, Equation (V-l) is solved for B 1 2 at each pressure 
The calculated values of B 1 2 are plotted versus (P - P 0 1 ) and by extrapo-
lation to (P - P Q I ) = 0, the true value of B 1 2 is obtained. This method 
1 07 ft ? 
was described and used by Mullins and more recently by Liu. The 
manner in which this equation was used in this work is now discussed. 
Since the solution to this equation requires a value for the gas 
phase molar volume, V , it is necessary to calculate the virial coeffi-
m 
cients B 2 2 , B 1 2 , and Q 2 2 2 in addition to the coefficients shown in Equa-
1 07 ft ^ 
tion (V-l). Mullins and Liu used the Lennard-Jones (6-12) model to 
predict the third virial coefficients ( C l l x , C 1 1 2 , C 1 2 2 , and C 2 2 2 ) . This 
method appears to work well for systems involving simple molecules and 
where T < 0.80. For larger molecules, the third virial coefficient is 
Ri 
not adequately described by the Lennard-Jones parameters as is shown in 
Appendix F. This is especially critical where T = 0.80, and the value 
Ri 
of all the third virial coefficients become important. In this work the 
third virial coefficients, C x 1 1 , C 1 1 2 , and C 1 2 2 , have been calculated 
using the method of Chueh and Prausnitz as described in Chapter IV. 
The parameters required for this calculation are shown in Table 28 of 
Appendix F. The values of C g ^ were taken directly using the selected 
curve shown in Figure 49. The second virial coefficient of helium, Bgg, 
was calculated from Lennard-Jones parameters, and the second virial co-
efficient of the condensed component, B x 1, was calculated using both the 
Lennard-Jones and Kihara parameters. A trial value of B 1 2 was needed for 
55 
the calculation of V . This value was calculated initially using the 
m 
Lennard-Jones parameters. After an initial run of the program, a new 
and improved value of B12 could be calculated. Similarly, the parameter 
K1S, which is used in the third virial coefficient calculation, was 
53 
initially estimated using the empirical equation of Hiza and Duncan, 
Equation (V-8). The third virial coefficient calculations do not appear 
too sensitive to this parameter. After one iteration of the B12 program, 
very good final estimates of B12 and K12 could be made. 
One other modification was made of the existing B13 program. 
Since compressibility data for the condensed liquid phase were generally 
not available, it was necessary to use the average isothermal compress-
ibility, (3 . The modification that was made in this program is the same 
as described in Chapter IV. 
In the systems studied in this work, the values calculated using 
this method generally compared well with the values from the original 
Q O 
program of Liu at low temperatures, T < 0.80. The agreement was 
Ri 
always within one cc/gm mole. At higher temperatures, T > 0.80, the 
Ri 
present method of extracting B12 and the original program of Liu begin to 
differ. The program of Liu appears to diverge from reality. It is above 
this temperature that the third virial coefficients, C11X and C 1 1 2, become 
very important. 
At each temperature, two experimental values of B12 were obtained. 
This was accomplished by keeping all coefficients constant in this calcu-
lation except B x 1 . The B2x values used were calculated using the Kihara 
potential parameters and the Lennard-Jones parameters. This indicates the 
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effect of the virial coefficient B1X on the calculation of B12 . The 
squares represent the calculations using Kihara potential parameters, 
and the circles represent the calculation using the Lennard-Jones par-
ameters. In each of the following figures, the curves labeled LJCL, 
Kill, KIHCK12, KIHEK12, BWR(LINEAR), and BWR(LORENTZ) represent the theo-
retical values of B12 calculated by these models. These various models 
were described in detail in Chapter IV. 
B12 for the Helium-Ethane System 
46 53 
Phase equilibrium data from Heck and Hiza and Duncan have been 
used to extract the B12 values for this system. The experimental data 
were first smoothed and presented in Table 33 of Appendix G. Since Hiza 
and Duncan did not measure the liquid phase composition, it was necessary 
to estimate values of x2 at 150 and 130 K. This was done using values 
from the helium-ethylene system at the same reduced temperature, and the 
values so obtained are presented in Table 33. At 150 K the effect of 
neglecting x2 completely produced an uncertainty of only ±0.1 cc/gm mole. 
The calculated values of B12 are presented in Figure 10. The agreement 
between the B12 values extracted from the two works is good except at 
150 K. The value of B12 at that temperature is definitely high, which 
indicates that the enhancement factor values are too low. Smoothed values 
of B12 were read from Figure 10 at even temperature intervals and are 
given in Table 1. The uncertainty of these results was estimated to be 
± 3 cc/gm mole. This was done by introducing the uncertainty of the en-
hancement factor and x2 into the B12 program and recalculating B 1 2. 
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T,K 
Figure 10. Comparison of Predicted and Experimental B12 
for the Helium-Ethane System. 
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Tab le 1. B 1 2 f o r t he He l ium-Ethane System 
T,K B1 2 , cc/gm mole 
100 -11.4+3 
120 4.7 ± 3 
140 15.8 ± 3 
160 21.5 ± 3 
180 24.1 ± 3 
200 25.5 ± 3 
220 26.5 ± 3 
240 27.1 ± 3 
260 27.5 ± 3 
280 27.9 ± 3 
The KIH and BWR(LORENTZ) models predict values that are too low, but the 
LJCL, KIHEK12, KIHCK12, and BWR(LINEAR) models appear to fit the data 
quite well. 
B „ for the Helium-Ethylene System 
B12 values for the helium-ethylene system have not been determined 
previously. The phase equilibrium data for this system consist of this 
53 work and the work of Hiza and Duncan. The data for both of these works 
were smoothed and are presented in Table 34 of Appendix G. Since at 130 
K the effect of letting Xg = 0.0 instead of the experimental value pro-
duced a change in B12 of 0.08 cc/gm mole, no attempt was made to estimate 
Xg values at lower temperatures. Figure 11 shows there is generally good 
agreement between the B, 2 's from this work and those from the work of Hiz a 
and Duncan. However, the two isotherms that overlap, 150 and 130 K, dis-
agree by approximately 2.8 cc/gm mole. The B-2 's of Hiza and Duncan ap-








Figure 11. Comparison of Predicted and Experimental B 1 2 
for the Helium-Ethylene System. 
at even temperature intervals in Table 2. The error bar on the data was 
determined by varying the input enhancement factor and Xg values by the 
estimated experimental error. The uncertainty was shown to be about 
±3.5 cc/gm mole throughout the temperature range discussed. 
Table 2. B12 for the Helium-Ethylene System 
T,K Bl2, cc/gm mole 
90 - 7.2 + 3.5 
100 1.8 + 3.5 
110 8.1 + 3.5 
120 12.7 + 3.5 
130 16.1 + 3.5 
140 18.8 + 3.5 
150 21.0 ± 3.5 
160 22.3 ± 3.5 
170 23.7 ± 3.5 
180 24.6 ± 3.5 
190 25.3 ± 3.5 
200 25.9 ± 3.5 
210 26.3 ± 3.5 
220 26.6 t 3.5 
Figure 11 shows the agreement between experimental B12's and the 
theoretically calculated values. The LJCL, KIHEK12, and KIHCK12 models 
represent the data best. The BWR(LINEAR), BWR(LORENTZ), and KIH models 
predict values of B12 that are too low. 
B13 for the Helium-Propane System 
Several experimental B12 values have been determined by Brewer 
for the helium-propane system. In addition to this, phase equilibrium 
140 
measurements have been made by Schlinder, et al. for this system. 
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These data of Schlinder, et al. have been smoothed in this work and are 
presented in Table 35 of Appendix G. The B12 values extracted in this 
work using the data of Schindler, et al. are presented together with the 
B12 values obtained by Brewer in Figure 12. The data of Brewer were 
corrected by using the pure virial values for propane, B 1 T, selected in 
this work, Figure 56. These adjusted values show good agreement with the 
values obtained from Schlinder's data except at 248.15 K, where their 
values differ by about 20 cc/gm mole. 
The experimental curve is very steep at low temperatures, and it 
shows a strong downward bend at about 285 K. If more weight were given 
to the experimental point of Brewer at 248.15 K, then the bend in the 
curve would be shifted to still lower temperatures. The accuracy of the 
B12 's presented in Figure 12 is about 4.0 cc/gm mole. Smoothed values of 
B12 at even temperature intervals are presented in Table 3. 
The theoretical values of B12 are shown in Figure 12. Values pre-
dicted by the BWR(LINEAR), KIHCK12, and KIHEK12 models are in very good 
agreement with experiment at temperatures above 270 K. The LJCL model 
predicts values that are much higher than experiment. The BWR(LORENTZ) 
and KIH models again predict values that are too low. 
B12 for the Helium-Propylene System 
The phase equilibrium measurements presented in this work repre-
sent the only source available for extraction of B12 data. The smoothed 
enhancement factor and liquid composition data are presented in Table 36 
of Appendix G. Figure 13 shows the extracted B12 data, and Table 4 gives 
smoothed values of B 3 at even temperature intervals. Because the enhance-
190 230 270 310 350 
T,K 
Figure 12. Comparison of Predicted and Experimental B ^ 
for the Helium-Propane System. 
Table 3. B12 for the Helium-Propane System 
T,K 


















5.30 ± 4 
0 .62 ± 4 
6 .70 ± 4 
12.4 ± 4 
19 .5 ± 4 
25 .5 ± 4 
30 .6 ± 4 
3 5 . 1 ± 4 
37 .7 ± 4 
33 .6 ± 4 
39 .0 ± 4 
3 9 . 1 ± 4 
39 .2 ± 4 
39 .2 ± 4 
3 9 . 3 ± 4 
3 9 . 3 ± 4 
3 9 . 3 ± 4 
Table 4. B, 2 for the Helium-Propylene System 








32.0 ± 6 
33.4 ± 6 
34.0 ± 6 
34.5 ± 6 
34.8 ± 6 
35.0 ± 6 
35 .2 + 6 
Figure 13. Comparison of Predicted and Experimental B12 
for the Helium-Propylene System. 
merit factors are very close to one, a ± 3 percent variation of the ex-
perimental data produces a large average uncertainty in B12 of ± 6 cc/gm 
mole. Although the large uncertainty of these values makes the precise 
shape of this curve hard to determine, it appears that the curve is 
starting to bend downward as it is expected to do at lower temperatures. 
The large uncertainty means that all the data could be fitted with a 
straight line at 34 cc/gm mole. 
The various theoretical models are shown in Figure 13. The 
BWR(LINEAR), KIHEK12, and KIHCK12 models again predicted the best B12 
values. The LJCL values are excessively high, and the KIH and BWR(LO-
RENTZ) values are too low. 
Summary of Helium Binary B,2 Data 
A survey of B12 data for helium binary systems is presented in 
this section and summarized in Table 5. This collection of data might 
prove useful in prediction of multicomponent gas-liquid equilibrium. It 
might also prove helpful in spotting some generalizations about the two-
body interaction forces. Some systems presented here are not considered 
cryogenic gases, but they are included to make the survey more general. 
A very good analysis of B12 data, for helium cryogenic gas sys-
Q O 
terns, has been performed by Liu. He has extracted B13 values from 
phase equilibrium data and combined these results with the available 
higher temperature data. He has studied the helium-carbon dioxide, 
helium-argon, helium-methane, helium-nitrogen, and helium-oxygen systems. 
Other papers showing B12 data for helium binary systems have been pre-
7 ft 7 S 
sented by Brewer, Brewer and Vaughn, King and Robertson, Jones and 
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Tab le 5 . L i s t of B g Data fo r Helium Binary Systems 




















































7 8 ± 2 5 
2 9 ± 2. 5 
0 8 ± 2. 5 
3 7 ± 2. 5 
6 1 ± 2. 5 
12 1 ± 2 . 5 
15 6 t 2. 5 
17 4 ± 2 . 5 
18 6 ± 0 3 
18 77 ± 0. 10 
19 73 ± 0. 08 
20 26 ± 0 . 2 
20 45 ± 0 . 2 
20 3 5 + 0 . 3 













Table 5. (Continued) 




































































3 .0 ± 2 5 
6 .1 ± 2 5 
8 .5 ± 2 5 
10 .6 ± 2 5 
12 .3 ± 2 5 
13 .80 ± 2 5 
15 .31 ± 2 5 
16 50 ± 2. 5 
17 85 ± 2. 5 
20 16 ± 2. 5 
21 66 ± 2. 5 
22 92 ± 0. 4 
22 41 ± 0. 4 
21 73 ± 0. 4 
21 20 ± 0. 4 
20 33 ± 0. 4 
12 1 ± 2. 5 
2 0 ± 2. 5 
4 1 ± 2 5 
8 0 ± 2. 5 
10 7 ± 2. 5 
10 9 ± 5 
13 5 ± 5 
15 7 ± 5 
17 6 ± 5 
19 1 ± 5 
20 4 ± 5 
Table 5. (Concluded) 










































• 11 .0 ± 3 
4 .6 ± 3 
10 ,9 ± 3 
14 .6 ± 3 
17 .2 ± 3 
19 .1 ± 3 
20 6 ± 3 
26 .51 ± 0. 8 
30 .19 ± 0. 9 
33 20 ± 0. 5 
37 42 ± 0 . 8 
40 47 ± 0 . 4 
43 13 ± 0 . 4 
47 . 9 ± 5 
50. 5 ± 5 
52 . 7 ± 5 
52 . 4 ± 5 
4 6 . 7 ± 5 
53 6 ± 5 
67. 5 ± 2. 8 
74 7 ± 2 . 8 
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Kay, Kalfoglou and Miller, and Witonsky and Miller. These results 
have been presented in Table 5. The systems are presented in order of 
the most simple to the most complex molecular interactions. The helium-
hydrocarbon results presented in the previous section are considered a 
part of this summary. The uncertainty of the values presented in Table 5 
has been estimated where possible. The values presented by Brewer have 
an uncertainty that is hard to estimate since they are completely depend-
ent upon the values for the pure virial coefficients. 
Several observations can be made from the results in Table 5. 
First, within a given series, as the helium-inert gases or helium-
hydrocarbon series, it appears that, for a given reduced temperature, T , 
the values of B12 increase as the molecules become larger. Second, almost 
all of the B12 values are positive except at the lowest temperatures. 
This accounts for the fact that enhancement factors of these systems are 
very close to unity. Third, Table 5 reveals that several of the B12 
curves show a maximum. These are the helium-neon, helium-argon, helium-
hydrogen, and helium-nitrogen systems. The appearance of this maximum is 
somewhat unexpected, and this trend is discussed somewhat further at this 
point. 
The general shape of the second virial coefficient curve for pure 
components has been discussed in detail by Hirschfelder, et al. They 
have pointed out that all pure second virial coefficient curves, at high 
enough temperatures, should pass through a point of B(T) =0.0 at the 
Boyle temperature and that, at still higher temperatures, this curve should 
pass through a maximum. Using the Lennard-Jones (6-12) parameters, Hirsch-
felder, et al. have produced a reduced second virial coefficient curve 
that reveals the following results: 
and 
where 
B(T) = 0.0 at T = 3.43 (V-2) 
^ ^ - = 0.0 at T* = 25 (V-3) 
di 
T% = T/(e/k). (V-4) 
Thus, depending upon the magnitude of (e/k), the Lennard-Jones energy 
parameter, one might expect to see different portions of the second virial 
coefficient curve. The only pure gas which has been shown to reproduce 
the expected curve is helium. Using the value of (e/k) given in Table 27, 
a Boyle temperature of 24 K and a maximum in the B(T) curve at 174 K can 
be calculated using Equations (V-2) and (V-3). Figure 48 shows that these 
temperatures are in good agreement with experiment. Hydrogen, neon, argon, 
and nitrogen all exhibit a Boyle temperature, but their experimental data 
fall short of the maximum in the curve. 
The discussion above tends to shed some light on the unusual be-
havior of the B12(T) curves for the helium binary systems. The presence 
of helium in these mixtures has the effect of lowering the Boyle point 
and the maximum in the second virial interaction coefficient curve. Fig-
ure 14 reveals the maximum in the B12 (T) curve for the helium-hydrogen 
system. A summary of this type information has been presented in Table 6. 
It is interesting to note that, although the maximum in the helium-nitrogen 
17 
O Brewer and Vaughn 
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Figure 14. B12 for the Helium-Hydrogen System, 
and helium-argon system curves differs by about 220 K, the critical tem-
peratures of nitrogen and argon differ by only 25 K. This tremendous 
shift in the maximum of the B, 2 curve may be due to some forces present 
in the nitrogen versus the argon interaction with helium. No attempt is 
made here to speculate on the type of forces responsible for this shift. 
The same type of shift seems to occur when comparing the helium-hydrogen 
and the helium-neon curves. 
Table 6. Temperature at Which the Blg versus Temperature 
Curve Reaches a Maximum 
Binary Mixture Approximate Temperature 






It is possible to make estimates of the interaction energy param-
eter, (e/k)12 , for mixtures. This can be done by using Equation (V-2) 
or (V-3) provided one has either the Boyle temperature or the temperature 
where the slope of the B12(T) curve is zero. This method has been used 
10 7 8 T 
by Mullins to obtain (e/k) for pure helium. Liu has obtained ( e / k ) 1 2 
values for some helium binary systems by least square fitting the Lennard-
Jones parameters to the experimental B 1 2 data. Using the Boyle tempera-
ture data for the helium-nitrogen, helium-argon, and helium-oxygen systems, 
the value of (e/k)13 calculated from Equation (V-2) agreed to within 
several percent of the values obtained by Liu. 
Deviations from the Geometric Mixing Rule 
The calculation of the second interaction virial coefficient, B12 , 
would be a very easy chore if one had the correct intermolecular poten-
tial function. Since both the Lennard-Jones and Kihara (6-12) potentials 
have been used to describe interactions between like molecules, it is as-
sumed that these potential functions will describe interactions between 
unlike molecules. For the calculation of an interaction virial coeffici-
ent, the Lennard-Jones potential function is dependent upon o12 , the 
collision diameter, and (e/k)12, the depth of the potential well. The 
usual way of getting these parameters is by using Equations (IV-26) and 
(IV-28). 
Hudson and McCoubrey have shown that, for the Lennard-Jones 
(6-12) potential, an approximate solution of the London theory of disper-
5 0 • AA sion forces yields: 
= r2(ixy*i r26 of cj -I i 
13 L I1 +I2 J L (a1+as)eJ
 a 2 
and 
CJi + Co 
CTi2 = ' 2
 ?' (V-6) 
Equation (V-6) is in the familiar linear form, but Equation (V-5) 
appears grossly different from the general geometric mixing rule. If the 
two interacting molecules have the same ionization potential, I = I2, 
74 
and the collision diameters are the same, Q 1 = o~2 , then equation (V-5) 
reduces to the more familiar geometric mixing rule, Equation (IV-26). 
Hence, it is shown theoretically that, for molecules that are very dis-
similar in their values of I and a, one can expect deviations from the 
geometric mixing rule. Work by Hudson and McCoubrey and Huff and 
Reed, using Equation (V-5), indicated an improvement of predicted B12 
values when molecules are relatively similar, but the results are more 
33 
random than consistent. Eckert, et al. have given consideration to 
changing the linear mixing rule for o12 , but the results appear unsatis-
factory. Since the Lennard-Jones (6-12) potential function differs from 
the Kihara core potential only in its description of the molecular core, 
it is likely that Equation (V-5) or perhaps a similar equation applies to 
the geometric mixing rule for the energy parameter of the Kihara potential 
Binary systems containing helium or neon have been shown by Ghueh 
AT, • - 1 6 U- AT, 5 3 M 1 T 1 0 7 O - 5 2 ^ T - 8 3 ^ 
and Prausnitz, Hiza and Duncan, Mullins, Hiza, and Liu to give 
large deviations from the geometric mean. For example, the helium-neon 
and helium-methane binary systems show 40 and 28 percent deviations from 
the Kihara potential geometric mixing rule for the energy parameter, 
respectively. 
97 In an attempt to improve the Kihara potential, Mullins, Chueh 
~ I £ \ 1 ~ 7 Q Q C O C O 
and Prausnitz, ' Eckert, et al., Hiza and Duncan, and Hiza have 
introduced a correction to the geometric mixing rule: 
U - (1-K12) (U U F (V-7) 
oia 1 2 oi o3 
The K1S factor must be obtained from experimental interaction gas phase 
data. If a good estimation of K13 could be made, it would be possible 
to predict a very good value of B i a, which is the most important term in 
the theoretical prediction of the enhancement factors except at the 
highest pressures where the third and higher virial coefficients become 
important. All values of K12 discussed in this section are in reference 
to Equation (V-7). 
Since Equation (V-5) indicates that K^2 should be a function of 
53 
ionization potential and collision diameter, Hiza and Duncan investi-
gated both of these parameters, and they developed an empirical correla-
tion which relates the Kia of Equation (V-7) to the ionization potential 
Kia ^ 0.17 (Iv - I c ) * in (^) (V-8) 
c 
where v and c refer to the volatile and condensible components, re-
spectively. The correlation was developed for gas mixtures that have 
52 
large K12 values. Hiza has shown that this correlation, which is based 
upon experimental data, provides a good correction to the geometric mixing 
rule. Since interaction virial coefficients, B 1 2, have been determined in 
the present work for the helium-hydrocarbon systems, it seemed quite 
interesting to determine their respective Klg values and thereby check 
the usefulness of Equation (V-8). 
o o 
Liu has used the same type of correction for the Lennard-Jones 
(6-12) potential, 
e_ e 
XJ' \ \ k; 
(|)i2 = (1 " 
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Unfortunately, the two Lennard-Jones parameters, (e/k) and a, are very 
sensitive to the temperature range of the second virial coefficient fit. 
Recent papers by Lin and Robinson and Hanley and Klein have revealed 
difficulties in obtaining these parameters from second virial coefficient 
data. Because of the strong temperature dependency of these parameters, 
the possibility of a useful correlation coming from these results is 
highly unlikely. The Kihara core model involves an additional core pa-
rameter, and its parameters are not as sensitive to temperature. For 
this reason, corrections to the geometric mixing rule of the energy param-
eter obtained using these energy parameters should be of more interest. 
53 
Hiza and Duncan extracted B13 from the enhancement factor data 
by assuming y1 = 0.0 and that the condensed phase was pure and incompres-
sible. At these temperatures, the vapor pressure is much less than one 
and so V01 is much greater than one. This is equivalent to reducing equ 
tion (IV-17) to 
£n0 =
 Vl (P " ?oO + in (Z?) - ̂ 1 ^ -
 3C13 3 (V-10) 
RT V2 2V| 
By selecting the proper value of K13 for the calculation of B 1 2, it was 
possible to reproduce the experimental data. Therefore, in this way a 
value of K̂ g could be obtained at each temperature, and it would hope-
fully be a constant. Unfortunately, this method does not allow one to 
extract K1S values in cases where y1 or Xg cannot be neglected (usually 
above T = 0.5). 
Kl 
16 147 
Chueh and Prausnitz and Solen, et al. have presented values 
a 
77 
of K 2 in the literature, and these values have compared well with the 
52 
results of Hiza and with the results of this work. Prausnitz states 
that K ? is evaluated from information on the i-j interaction data given 
by the second interaction virial coefficients. This seems to verify that 
53 
their approach to obtaining K12 is similar to that of Hiza and Duncan. 
Their work appears to be extended to higher reduced temperatures. 
The method used in this work to extract K12 from B12 data is simi-
lar to that used by Hiza and Duncan. The values of B12 were extracted 
from the phase equilibrium data using Equation (V-l). The Kihara virial 
coefficient with quantum corrections, Equation (IV-36), was then fitted 
graphically to these data by adjusting the value of K-a in Equation (IV-
46). In this fit the linear average for (p \ 2 •> Equation (IV-33) , was used. 
Therefore the only unknown in Equation (IV-36) was the value of K12. In 
all systems studied, the Kihara parameters were taken from the paper of 
122 
Prausnitz and Myers. Some of these parameters are presented in Table 
27, Appendix F. The fit was over a specified temperature range since in 
some systems the K ^ values are a function of temperature. 
This apparent temperature dependence of K^s has been noticed by 
53 
Hiza and Duncan, and they reference a similar problem experienced by 
Prausnitz. The problem becomes more pronounced as the molecules become 
8 3 
more complex. The results of Liu show that this temperature dependency 
is present in the helium-methane system. The results of this work have 
revealed that the effect is very strong in the remaining helium-hydrocarbon 
systems. The effect of changing the value of K 2 is to simply move the 
B12 curve up or down, and so this lack of temperature dependency of the 
78 
theoretical model is more basic than simply changing the geometric mixing 
rule. Undoubtedly, part of the reason for this poor representation of 
the data is a lack of the (6-12) potential function to describe these 
interactions adequately. Perhaps the repulsion portion of the potential 
should be changed to a lower number, due to the softer core of these 
91 
larger molecules. A recent book by Margenau and Kestner may help pro-
duce some insight into the selection of a realistic potential function 
for interacting molecules. 
In Table 7, the values of K12 extracted in this work are given. 
The temperature range over which the fit was made is also shown. This 
table includes a fit of some data presented in Table 5. K12 values 
c o 1 / "7 
available for these systems from Hiza and Solen, et al. are shown 
for comparison. Since the real objective of this section was to check 
53 
the correlation of Hiza and Duncan, Equation (V-8) , values of K, 2 cal-
culated from this equation are also presented. Values of the ionization 
127 
potential used in this equation are taken from Reed and the 49th edi-
tion of the Handbook of Chemistry and Physics. The agreement of these 
calculated values with experiment is very satisfactory. 
Although no reference is made to the temperature range of their 
147 
fit, the K̂ g values of Solen, et al. are in excellent agreement with 
the values of this work. This seems to verify that their method of 
obtaining K12 was the same as the method used in this work. Since Hiza 
used a simplified enhancement factor equation to calculate \ 2 >
 x t ^s 
certain that most of his values are over a lower temperature range than 
those in this work. Hence, some disagreement between these two investi-
gators may be due to the temperature dependency of K-2 . 
79 
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Values of I not referenced, were taken directly from the 49th 
edition of the Handbook of Chemistry and Physics. 
VwV 
These values represent an average value over the specified tem-
perature range. 
These results show that helium interactions with large molecule 
tend to give large deviations from the Kihara geometric mixing rule. 
An attempt was made to obtain K ^ for the helium-n-butane system. No 
value of K12 would give values of B12 as large as the experimental re-
sults. It is suspected that the Kihara parameters used may be the rea 
son for this result. Since no parameters for n-butane were available 
122 
from Prausnitz and Myers, Kihara spherical core parameters from Tee 
et al. were used. It is likely that the value of K12 is sensitive 
the core parameters of the Kihara potential. Although this area has n 
been pursued, it certainly bears further consideration. 
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CHAPTER VI 
COMPARISON OF EXPERIMENTAL AND PREDICTED ENHANCEMENT FACTORS 
The various theoretical models discussed in Chapter IV have been 
used to calculate enhancement factors for the helium-ethane, -ethylene, 
-propane, and -propylene systems. The virial equation of state used the 
LJCL, KIH, KIHCK12, and KIHEK12 models to calculate the virial coeffi-
cients. The BWR(LINEAR) equation was also used. These predicted values 
are presented in Tables 33 through 36 of Appendix G. Figures 15 through 
18 show a graphical comparison of these five different sets of predicted 
enhancement factors with a representative isotherm of each system. An 
additional theoretically predicted enhancement factor curve showing the 
BWR(LORENTZ) values is shown in the figures for comparison. The isotherm 
selected for each system was within the temperature range of the experi-
mental K12 value. Figure 19 shows an isobar curve for the helium-ethane 
system. This 20 atmosphere isobar demonstrates the minimum and maximum 
which can occur in the various helium binary enhancement factor curves. 
The three basic theoretical models LJCL, KIH, and BWR(LINEAR) show that 
these models are able to qualitatively represent the enhancement factor 
isobar curves reasonably well for these systems. 
Several comments should be made about the basic differences the 
various models possess. The three models, KIH, KIHEK12, and KIHCK12, 
differ only in their calculation of the interaction terms, B,2, C ._ , and 
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Figure 15. Theoretical and Experimental Enhancement Factors 




Figure 16. Theoretical and Experimental Enhancement Factors 
in the Helium-Ethylene System at 202.01 K. 
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Figure 17. Theoretical and Experimental Enhancement Factors 
in the Helium-Propane System at 298.15 K. 
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Figure 18. Theoretical and Experimental Enhancement Factors 
in the Helium-Propylene System at 254.98 K. 
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Figure 19. Theoretical and Experimental Enhancement Factors 
at 20 Atmospheres for the Helium-Ethane System. 
these models. Hence, at low pressures by looking at the experimental and 
calculated B12 curves, it is possible to see the effect B13 has on the 
enhancement factor calculations. The LJCL model predicts virial coeffi-
cients that are all different from the KIH models. The BWR equation is 
represented by the BWR(LINEAR) and the BWR(LORENTZ) models. These two 
models differ only in their predicted value of B12 which is shown in 
Chapter V. Thus, the basic differences between all of these models are 
shown on the B-2 curves in Chapter V, and the second and third virial 
coefficient curves presented in Appendix F. 
For the helium-ethane system, Figure 15 shows that the LJCL, 
KIHEK12, and BWR(LINEAR) models predict enhancement factors that agree 
well with experiment. The KIHCK12 predicted values differ by a maximum 
of six percent. The BWR(LORENTZ) and KIH models show values too high by 
about 11 and 20 percent, respectively. 
The helium-ethylene system isotherm presented in Figure 16 shows 
that the KIHCK12 and KIHEK12 models represent the data within five per-
cent. The LJCL model predicts values that are too low by as much as 11 
percent. The BWR(LINEAR) values are high by a maximum of about nine per-
cent, and the BWR(LORENTZ) and KIH values are considerably higher than 
experiment. 
Figure 17 presents an isotherm of the helium-propane system. The 
BWR(LINEAR), KIHEK12, and KIHCK12 values agree with experiment within 
five and one-half percent at all points. The LJCL model predicts values 
too low by about 25 percent, and the BWR(LORENTZ) and KIH values are too 
high by about 19 percent. 
The heliurn-propylene isotherm is given in Figure 18. The BWR-
(LINEAR), KIHEK12, and KIHCK12 models predict values that are all within 
the experimental accuracy. The KIH and BWR(LORENTZ) models are high by 
about 25 and 10 percent, respectively. The LJCL model is again predict-
ing values considerably lower than the experimental results. 
The enhancement factors predicted by the KIH model were always 
larger than the enhancement factors predicted by the other models. As 
the Kihara K13 factor is increased from zero, the B12 values increase and 
the enhancement factors decrease. Since the B12 term contributes nega-
tively to the enhancement factor when B12 is positive, this is the ex-
pected trend. These figures generally show that the Kihara K12 factor 
can produce a sizable difference in predicted enhancement factors. The 
53 
K12 values calculated from the correlation of Hiza and Duncan, Equation 
(V-8), predicted enhancement factors that were slightly higher than the 
experimental K12 values, but they were still in good agreement with ex-
perimental enhancement factors. These results tend to give support to 
this correlation. The pure third virial coefficients used with this 
model were calculated using the method of Chueh and Prausnitz and are 
given in Appendix F. 
The B12 values predicted by the LJCL model were quite satisfactory 
for the helium-ethane and helium-ethylene systems. Unfortunately, the 
values for the helium-propane and heliurn-propylene systems were excessive 
high. This accounts for the agreement and disagreement of this model at 
the low pressures for these systems. The strong bending effect shown at 
high pressures by this model for the helium-ethylene, -propane, and 
89 
-propylene systems is indicative of an incorrectly predicted third virial 
coefficient. Values of the pure third virial coefficients for the Lennard' 
Jones model are compared to experimental data in Appendix F. In the case 
of ethane, the agreement is fairly good, but the predicted values for 
ethylene, propane, and propylene are much larger than experiment. Since 
the third virial coefficient contributes negatively to the enhancement 
factor calculation, the bending of the curve is the expected result for 
these systems. 
The BWR(LORENTZ) model predicted theoretical enhancement factors 
that were always higher than experiment. By simply changing the mixing 
rule for (B ) 1 2 , as Mullins has suggested, the new BWR(LINEAR) model 
gives results that agree very well with experiment. The values of B12 
predicted by these models are shown in the experimental Blp curves of 
Chapter V. The linear rule gives B12 values that are in much better 
agreement with experiment as are the enhancement factors predicted by 
this model. The BWR third virial coefficients predicted using Equation 
(IV-86) are compared to experimental values in Appendix F. Equation (IV-
86) definitely has an incorrect functional form, since at low temperature 
the theoretical values of Crll increase exponentially instead of decreas-
ing with decreasing temperature as do the experimental results. Although 
this error in the third virial coefficient calculation exists, the pre-
dicted enhancement factors agree very well with experiment even at high 
pressures. There are several possible reasons why the theoretical enhance-
ment factor curves agree with experiment. First, the value of C. . starts 
becoming large at T < 0.80, which is the point where this term begins to 
Ri 
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contribute very little to the enhancement factor calculation. Second, at 
this temperature the value of C 2 2 2 is still being calculated correctly. 
Third, some of the higher order volume terms in the BWR equation, Equation 
(IV-72), may be compensating for this incorrectly predicted virial coef-
ficient . 
Appendix G presents the smoothed experimental and theoretical 
enhancement factors in Tables 33 to 36 for these four helium binary sys-
tems. The theoretical calculations are made over the entire experimental 
temperature range for the KIH, KIHCK12, KIHEK12, LJCL, and BWR(LINEAR) 
models. These tables indicate that, as the theoretical B12 curves begin 
to deviate from the experimental Blg curves, the various theoretical 
models incorrectly predict values of the enhancement factor. Therefore, 
the KIHCK12, KIHEK12, and BWR(LINEAR), while predicting very good en-
hancement factors at the higher temperatures, do in fact give poor agree-
ment at low temperatures, where the theoretical B12 curves do not show the 
correct temperature dependency. The theoretical and experimental B13 
curves are presented in Chapter V. 
Figure 19 shows the experimental 20 atmosphere enhancement factor 
isobar for the helium-ethane system together with theoretically predicted 
enhancement factors. The ability of the theoretical models to predict 
the minimum and maximum of these isobar curves is a subject of considerable 
o o 
interest. Liu first became aware of this ability of the LJCL and KIH 
theoretical models in his work on the helium-carbon dioxide system. His 
theoretical calculations reveal that the same is true for the helium-
oxygen, -nitrogen, and -methane systems. More recently, the minimum in 
the enhancement factor isobars has been shown to occur experimentally in 
, -, • i 46,53 n , J 140 ^. 
the helium-ethane, -ethylene, and -propane systems. Figure 5 
shows the experimental isobars for the helium-ethylene system. Over the 
range of experiment, the helium-argon system has not shown a minimum 
either experimentally or theoretically. In observing this phenomenon, 
o o 
Liu states that it is the combination of the relative sizes of the 
various terms that is important and that no single term by itself could 
have produced the unusual behavior. Since that time, additional helium 
systems have shown this type phenomenon, and also the theoretical en-
hancement factors predicted by the empirical BWR equation have been shown 
to reproduce this trend. It may now be possible to make a more positive 
statement as to which terms might be responsible for this unexpected 
agreement between theory and experiment. This minimum in the enhancement 
factor isobar curves has not been shown in the various hydrogen binary 
systems. ' ' ' Therefore, it is speculated that this observation 
is unique to the helium systems. 
The 20 atmosphere enhancement factor isobar curve has been selected 
for several reasons. First, the maximum in the curve is more pronounced 
at low pressures. Second, an additional experimental point is obtained. 
This point corresponds to the temperature where the vapor pressure of 
ethane is 20 atmospheres since at this point the enhancement factor must 
be equal to unity. Third, at this low pressure it is possible to neglect 
the third virial coefficients and Equation (IV-17) becomes: 
v° r PT 1 on 
* > (0) = ii L(p - w - T (p2 - ^ i > J + v < V I - D 
01 (Continued) 
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m 
The magnitude of these various terms in the helium-argon system, which 
does not show this minimum, and those of the helium-ethane system have 
been examined. The major difference between these two systems is the 
magnitude of B11 and the sign of B12 . For argon the B1]L value is less 
negative than for ethane, and B13 is very close to zero while the cor-
responding value for ethane is large and positive. It now appears that 
2 
the magnitude of the term - — (y1B11 + y2B12) in Equation (IV-17) is 
m 
responsible for the predicted minimum in these various helium binary 
systems. As the temperature increases the only variable that changes 
appreciably is y1. Since the value of B1T is negative, the term begins 
to add excessively to the value of j&n (0) . The positive value of Bia 
subtracts from £n(0) appreciably at low temperatures. This has the ef-
fect of lowering j£n (0) and thereby making the minimum more pronounced. 
In the helium-argon system, the B11 value of argon is not large enough 
to cause a minimum in the curve. 
Although this investigation has not been comprehensive, it does 
provide a little insight into the unusual results obtained for these 
systems. The position of the minimum in these curves is a function of 
the mole fraction, the magnitude of the second virial coefficient, Bx1, 
and the second interaction virial coefficient B12. 
CHAPTER VII 
EXPERIMENTAL HENRY'S LAW CONSTANTS AND PARTIAL MOLAR VOLUMES 
AT INFINITE DILUTION 
Introduction 
In 1803 William Henry observed that the solubility of a gas in a 
liquid is directly proportional to its partial pressure in the vapor 
phase. The relation used to express this observation is 
Py3 = Hx2 (VII-1) 
Equation (VII-1) is used even today, but its applications are limited to 
systems where the partial pressure and solubility of the solute are small 
and the temperature is well below the critical of the solvent. Hence, 
just as the ideal gas law is a simplified form of the more complex virial 
equation, Equation (VII-1) represents a simplification of a more exact 
thermodynamic relation. 
The type of systems considered in this chapter are binary systems, 
which have one of their components well above its critical temperature, 
a gas, and one below its critical, a liquid. Therefore conditions are 
such that 
T > T (VII-2) 
C2 
T <T (VII-3) 
ci 
The criterion for phase equilibrium as stated in Chapter IV can be 
94 
used to describe this phenomenon. For the equilibrium of component 2, 
in the gas and liquid phases, one obtains the expression 
M,3(P,T,y3) = ^(P.T,^) (VII-4) 
It is now possible to substitute known thermodynamic relations for the 
above quantities. For the chemical potential of the liquid phase, we 
use the relation 
^ (P,T,X3) = iigCP.T) + RT j&nCYg'xg) (VII-5) 
Since component 2 is above its critical temperature, the definition of 
Y2' must be specified as 
Y3' (PjTjXg) - 1 as Xg - 0 and P - PQ1 (VII-6) 
The chemical potential of the gas phase may be related to the fugacity of 
the mixture by 
Q 
^(P,T,y3) - |j£(P=l,T) = RT in (|̂ ) (VII-7) 
The chemical potential ^(P^l,!) of the reference state is for an ideal 
gas at one atmosphere, hence the reference fugacity, f2, is taken equal to 
one atmosphere. Substitution of Equations (VII-5) and (VII-7) into Equa-
tion (VII-4) yields 




 fe(P'T) ' te(P~1'T) (VII-9) 
Rr 
Equation (VII-9) is the definition of the thermodynamic Henry's law con-
stant, HpCPjT). It is dimension less and is a function of temperature and 
pressure. The Henry's law constant at infinite dilution, Eg, is equal to 
Equation (VII-9) in the limit as Xg -> 0 and P -• P01 at the given tempera-
ture . 
Differentiating Equation (VII-5) with respect to pressure at con-
stant composition yields 
JL j ~X. L X j X 
If the region of interest is near x^ = 0, we have the condition that 
Y2' — 1 and we obtain 
(̂ |p
Cf>I)) = vT (vn-ii) 
Likewise differentiating Equation (VII-9) gives 
/am typ/m = j _ /?^S = v7 
^ §p yT RT v — ; RT
 l J 
and after integration of this equation 
96 
P T 
in HgCP.T) = In Hg(P01,T) + — 
— D O 
V2 dP 
P T 
Substitution of Equation (VII-13) into Equation (VII-8) gives 
(VI I -13 ) 
1 0 7 , 1 1 0 , 1 4 7 
'£§\ oo, , 1 p P ' T 
) = ^ H g C P ^ . T ) + — j , 2 
"oi ' 
X;J 
VP dP + £n ( Y ' ) (VI I -14 ) 
Equation (VII-14) is an exact solution to the problem of gas solubility 
— o o 
in a liquid phase. If one assumes that V2 is independent of pressure, 
then 
in (|s.) = &n l£(P01,T) + V ^ ( P R T
 ? 9 l ) + ^ (Ya') (VII-15) 
To predict values of the gas solubility, x^ , from Equation (VII-15), the 
following properties of the system are needed: 
Q 
(1) The fugacity of the gas phase, f2. 
(2) Henry's law constant at infinite dilution, Hg(PQ1 ,T). 
~~~oo 
(3) The partial molar volume at infinite dilution, V2. 
(4) The activity coefficient of the solution, y2'. 
oo — o o 
Equation (VII-15) is often used to extract Eg and V2 values from 
phase equilibrium data. Since these two quantities have well-defined 
physical meanings, their values may give some insight into the types of 
oo — o o 
interactions occurring in the liquid phase. Values of Hp and V2 from 
binary systems might prove useful in the prediction of multicomponent gas 
phase liquid solubilities. An equation of state for the gas phase allows 
one to compute f2 . Equation (VII-15) suggests that a plot of £n F
2"") versus 
97 
(P - P0i) should give a straight line in the neighborhood of (P - P01 ) = 0, 
CO 
whose intercept at (P - P01) = 0 is equal to In H2 and whose slope is 
—°° / equal to V2/(RT). If the Y2 term becomes large at high pressures, the 
line would curve up or down depending on whether the system exhibits 
positive or negative deviation from Henry's law. The liquid composition 
for all the systems considered in this work were very often less than 
10 mole percent, which suggests that Y2
 m aY n o t deviate appreciably from 
unity. A value of Y2 close to unity is important since a larger value 
could definitely affect the slope of the line and thereby cause errors in 
— 0 0 
the V2 calculation. If the solution is assumed to be ideal, Equation (VII-
R0 
15) reduces to the Krichevsky-Kasarnovsky equation. 
in (|p = in l£ (P01 ,T) +
 VS (P
R~
 P"l ) (VII-16) 
This is the equation that has been used in this work. 
Since values of y1 and x2 have already been smoothed for the helium 
binary systems, the only problem involved in this calculation is the evalu-
Q 
ation of the gas phase fugacity, f2. It is possible to evaluate the fuga-
city from the following equation, where the reference state is the same 
as in Equation (VII-7). 
- ̂  - + £ Jv m\ T ̂  - f]«- *• fe) (vn-17) 
There are many possible equations of state for the gas mixture, but since 
data for the virial equation have been extracted in Chapter V, it will 
98 
be used in this calculation. The virial equation for a mixture has 
already been presented as Equation (IV-14). Substituting the differen-
tiated form of this equation into Equation (VII-17) and integrating, one 
obtains the following expression for the left side of Equation (VII-16) 
Zn f&\ = 2(yxB13 + y2B22) + 3(yfc113 + 2yiy2C122 + ylc222) (Vn-18) 
m m 
„ /Y2RT 
+ in l ^ — 
\xsVm 
The evaluation of V was made using the virial equation through the third 
virial coefficient. Values of x2, y1, B 1 3, and C222 were read into the 
calculations. The G^g values are given in Figure 49 of Appendix F, and 
O Q 
the values of B12 were obtained from Liu and from this work. B22 and 
B11 were calculated from Lennard-Jones and Kihara parameters, respectively 
These parameters are those presented in Appendix F. The method of Chueh 
and Prausnitz was used to calculate the third virial coefficients, C]_ -^ 1 , 
C 1 1 2, and C 1 2 2. The parameters needed for this calculation are presented 
in Table 28 of Appendix F. The K12 values used in this calculation are 
those determined in this work, and they are given in Table 7. 
147 
A paper was recently published by Solen, et al. which presents 
00 
H2 for different helium binary systems. This work of Solen, et al. used 
a form of the Redlich-Kwong equation to calculate the gas phase fugacity. 
00 
Their values of H2 are based on a vapor pressure of zero for all experi-
mental points, which is the approach shown in an earlier paper of Praus-
118 
nitz. To compare the values of Solen, et al, to those of this work, 
it was necessary to use their value of V2 and the following equation 
— 0 0 
H~ (P - P0i,T) = H" (P = 0,T) exp (-|p) (VII-19) 
Their values of V2 are not compared in this chapter since they were cal-
1 8 
culated using the theoretical method of Chueh and Prausnitz and are not 
extracted from the experimental data. 
CO — 0 0 
Other investigators have attempted to extract H2 and V2 using the 
145 
Lewis-Randall rule to calculate the fugacity. This rule defines the 
fugacity of component i in the mixture as 
fG - y.f? , (VII-20) 
I J I (pure) 
n 
where £, N is the fugacity of pure component i. This is equivalent 
(pure) t=, J t- t- H 
to letting yT = 0 in Equation (VII-18). Hence, this rule becomes invalid 
as the value of y1 differs from zero. 
Another means of correlating liquid phase solubility data is to 
plot 
K = ? " ?Ql versus (P - P01 ) (VII-21) 
x2 
Then 
r = l i m i t n
 P : P Q I (VII-22) 
x2 - 0 x2 
This method is used in checking thermodynamic consistency of data and is 
hereafter called the consistency method. Mullins, Hiza, et al., ' ' 
4-6 —°° 
and Heck have used this method, and they describe this K as a pseudo 
100 
Henry's law constant. This method is not easily related to the limiting 
form of Equation (VII-15) and therefore has no apparent thermodynamic 
00 
significance. However, values of H2 (P = P01,T) predicted using this 
method appear to agree well with the values calculated from the more 
elaborate methods. Because of the simplicity of this calculation, values 
using this method have been calculated for comparison. 
The following sections present the Henry's law constants extracted 
in this work together with those extracted by other people for the various 
cryogenic liquids that have helium dissolved in them. This is a compara-
tive presentation of the methods available for the extraction of Henry's 
CO 
law constants from solubility data. The smoothed values of H2 that are 
presented in the following Tables represent an average of the values from 
— C O 
the available methods. The experimental values of V2 that have been ex-
tracted in this work have been smoothed and are presented in the follow-
— C O 
ing tables. No independent experimental values of V2 were available for 
comparison. 
CO — C O 
Extraction of H2 and V2 from Phase Equilibrium Data 
CO — C O 
H2 (P = P01,T) and Vs for the Helium-Argon System 
Phase equilibrium data of Mullins are used over a temperature 
range of 86.02 to 108.02 K and pressures up to 120 atmospheres. The 
o o 
smoothed yx and x2 phase equilibrium values are taken from Liu. 
CO 
Figure 20 shows the values of H3 as a function of temperature for 
the helium-argon system. The values obtained in this work for the helium-
147 
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Figure 20, Experimentally Determined Henry's Law Constants 
for the Helium-Argon System. 
102 
correction using Equation (VII-19). Values obtained using the consis-
tency method give surprisingly good agreement, considering the simplicity 
of the method. 
CO — C O 
Smoothed values of H2 and V2 are presented in Table 8. The un-
certainty of these numbers, due to the estimated uncertainty of x3 and yl3 
00 — 0 0 
was 2.6 percent of H2 and five percent of the V2 values. 
00 — C O 
Tab le 8. H2 and V2 f o r t h e Hel ium-Argon System 
•>'«• co -co 
T,K H2 , atm V2 , cc/gm mole 
Calculated Smoothed Calculated Smoothed 
86.02 12,660 ± 266 12,660 22.7 ± 0.2 22.7 
91.98 9,285 ± 208 9,375 23.1 ± 0.5 22.9 
97.51 7,037 ± 167 7,055 23.1 ± 0.78 23.1 
108.02 4,374 ± 114 4,225 23.9 ± 1.3 23.9 
/V Q "3 
Corresponding vapor pressure values are given by Liu. 
H3 (P = P01,T) and V2 for the Helium-Oxygen System 
The phase equilibrium data for this system have been determined by 
48 
Herring and Barrick. Their work covers a temperature range of 69.9 to 
149.91 K and pressures up to 200 atmospheres. The data have been smoothed 
by Liu and are used in this work. 
CO 
Figure 21 shows the values of H2 calculated from these data together 
147 
with the results from Solen, et al. and the consistency method. Agree-
ment is very good at low temperatures, but at high temperatures the dif-
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Figure 21. Experimentally Determined Henry's Law Constants 
for the Helium-Oxygen System. 
104 
this work and that of Solen is about ± 10 percent. 
00 — C O 
The smoothed values of H2 and V2 are presented in Table 9 together 
with their uncertainty due to a ± 3 percent error in y1 and x 2. This 
00 — C O 
produced a maximum error of 5.5 percent in H2 and of 7.5 percent in V2 at 
143.93 K. 
CO — 0 0 
Table 9. H2 and V3 for the Helium-Oxygen System 
T,K'? 
CO 
H2 , atm 
—CO 
V2 , cc/gm mole 
Calculated Smoothed Calculated Smoothed 
69.90 41,110 ± 1,280 39.750 15.1 ± 0 16.7 
75.90 24,390 ± 803 25,100 19.0 ± 0.12 17.1 
89.98 11,260 ± 396 11,250 18.0 ± 0.29 18.0 
109.96 4,184 ± 182 4,180 21.4 ± 0.98 19.4 
129.95 1,956 ± 97 1,880 17.9 ± 1.4 21.0 
143.93 1,004 ± 54 965 22.6 ± 1.8 22.6 
83 
Corresponding vapor pressure values are given by Liu. 
H2 (P = P o l 5T) and V2 for the Helium-Nitrogen System 
Gas-liquid phase equilibrium of this system has been measured by 
13 3 28 
Rodewald, et al. and DeVaney, et al. These data cover a temperature 
range of 64.9 to 120.0 K and pressures up to 140 atmospheres. These data 
o o 
have been separately smoothed by Liu. Several isotherms from the data 
133 
of Rodewald, et al. at low temperatures (64.9 to 77.2 K) and all of 
28 co 
the data of DeVaney, et al. were used in this work to calculate H2. 
147 °° 
The paper by Solen, et al. calculated H2 using the data of Rodewald. 
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Figure 22. Experimentally Determined Henry's Law Constants 
for the Helium-Nitrogen System. 
106 
experimental data by the large difference between the extracted Henry's 
law constants. Within each set of data the agreement between methods is 
quite good. The smoothed molar volume data were obtained using the data 
of DeVaney. 
A ± 3 percent uncertainty in y1 and x2 produces a maximum error of 
00 — C O 
seven percent in H2 and eight percent in V2 at the highest temperature. 
CO — C O 
Both the rough and smoothed H2 and V2 values are given in Table 10. 




— C O 
V2, cc/gm mole 
Calcu lated Smoothed Calculated Smoothed 
77.0 6,119 + 190 6,100 13.1 + 0.1 12.9 
80.0 4,803 ± 161 4,9^0 13.9 + 0.36 13.1 
85.0 3,618 + 135 3,620 12.7 ± 0.80 13.9 
90.0 2,740 + 114 2,720 13.8 ± 1.2 15.2 
95.0 2,069 + 93. ,7 2,065 17.2 ± 1.7 17.3 
100.0 1,595 + 78. 5 1,585 20.9 ± 2.1 20.3 
105.0 1,242 + 64. 0 1,240 23.7 ± 2.6 24.5 
110.0 926. 3 + 52. 8 933 31.1 ± 3.0 30.1 
115.0 696. .5 + 42. .5 683 38.8 ± 3.5 38.8 
120.0 479. 7 ± 31. 2 481 51.8 ± 3.9 51.4 
•k 83 
Corresponding vapor pressure values are given by Liu. 
H2 (P = P01,T) and V2 for the Helium-Carbon Dioxide System 
Phase equilibrium measurements in the gas-liquid region have been 
2 
made by Barrick, et al. These data cover the temperature range of 219.9 
to 274.9 K and pressures up to 200 atmospheres. These data have been 
83 
smoothed by Liu and were all used except for the lowest temperature, 
107 
219.9 K. The calculations of in (~) at this temperature showed great 
\x2/ 
scatter. 
Figure 23 shows that the results of this work and those of Solen, 
147 o= 
et al. for Ha differ by a maximum of seven percent. Calculated and 
00 — C O 
smoothed values for H2 and V2 are presented in Table 11. A ± 3 percent 
00 
uncertainty in y1 and x2 produces a maximum error of six percent in H2 
— C O 
and a four percent change in V2 at the highest temperature, 274.9 K. 
CO — C O 
Table 11. H2 and V2 for the Helium-Carbon Dioxide System 
T,K" 
CO 
H 2 5 atm 
— C O 
Va, cc :/gm mole 
Calculated Smoothed Calculated Smoothed 
229.9 8,356 ± 243 8,480 20.2 ± 0.0 20.4 
244.9 5,445 ± 214 5,450 28.9 ± 0.44 28.8 
259.9 3,740 ± 186 3,640 42.9 ± 0.87 37.3 
274.9 2,490 ± 150 2,500 39.9 ± 1.3 46.1 
83 
Corresponding vapor pressure values are given by Liu. 
H2 (P = P0i,T) and V2 for the Helium-Methane System 
83 
Two sets of phase equilibrium data have been smoothed by Liu. 
47 
The data of Heck and Hiza cover a temperature range of 94.97 to 184.83 
K and pressures up to 200 atmospheres. The second set of data are from 
145 
Sinor, et al. and cover a temperature range of 113.15 to 188.15 K and 
pressures up to 130 atmospheres. Since both sets of data appear equally 
CO 
smooth, it was decided to calculate H2 from both. The liquid phase data 
154 
of Sinor, et al. smoothed by Liu were found to contain an error at 
108 
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Figure 23. Experimentally Determined Henry's Law Constants 
for the Helium-Carbon Dioxide System. 
113.15 K. These values were corrected for use in this work. 
CO 
Figure 24 shows that the H2 values calculated from the two sets of 
147 47 
data agreed very well. Solen, et al. used the data of Heck and Hiza 
in their work. The maximum difference between this work and that of 
147 
Solen, et al. was 10 percent. 
The experimental uncertainty of ± 3 percent in yx and x2 produced 
CO — C O 
a maximum uncertainty of six percent in H2 and three percent in V2 at the 
CO — C O 
highest temperatures. The smoothed and calculated values of H2 and V2 
are presented in Table 12. 
CO — C O 
H2 (P = P01 ,T) and V2 for the Helium-Ethane System 
The gas-liquid equilibrium for this system has been studied by 
46 
Heck. These data have been smoothed and are presented in Appendix G. 
The temperature range is 170 to 290 K and pressures are up to 200 atmos-
147 « 
pheres. These same data were used by Solen, et al. to obtain H2 . 
Their results compare well with the results of this work as is shown in 
Figure 25. The two methods differ by a maximum of about four percent. 
CO — O O 
The calculated and smoothed H2 and V2 values are presented in Table 13. 
The introduction of an uncertainty of ± 3 percent in yl and x2 
00 
produced a maximum uncertainty of four percent in H2 and of six percent 
— C O 
in V2 . 
CO — C O 
H2 (P = P0i,T) and V2 for the Helium-Ethylene System 
The only complete set of gas-liquid equilibrium data for this 
system was done in this work. The smoothed data for this system are pre-
sented in Appendix G. These data cover the temperature range of 129.98 
to 216.04 K and pressures up to 120 atmospheres. Since these data were 
110 
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Figure 24. Experimentally Determined Henry's Law Constants 
for the Helium-Methane System. 
I l l 
Table 12. H2 and V2 for the Helium-Methane System 
T,K" 
CO 
H2 , atm 
— C O 
v 8, , cc/gm mole 
Calcu ilated Smoothed Calculated Smoothed 
94.97 27,640 + 692 27,100 23.1 + 0.3 24.8 
109.90 12,335 + 363 12,350 28.4 + 0.5 25.7 
113.15 11,085 + 336 10,800 25.1 + 0.6 26.0 
124.85 6,974 + 236 6,775 28.2 ± 0.7 27.2 
133.15 4,886 + 177 4,890 31.0 ± 0.8 28.2 
139.83 4,138 ± 158 3,950 30.9 ± 0.9 29.5 
153.15 2,503 ± 106 2,510 31.2 ± 1.1 33.1 
154.80 2,518 ± 106 2,390 33.8 ± 1.1 33.4 
169.81 1,491 ± 70 1,440 42.0 ± 1.3 41.6 
173.15 1,222 ± 63.5 1,260 44.1 ± 1.3 43.9 
184.83 775. 9 ± 43 758 63.4 ± 1.5 56.8 
188.15 570. 8 ± 33 600 54.2 ± 1.5 60.0 
Corresponding vapor pressure values are given by Liu. 
83 





Va, cc/ gm mole 
Calculated Smoothed Calculated Smoothed 
170 14,370 ± 374 14,550 23.4 ± 1.4 23.4 
200 7,058 ± 206 6,920 26.4 ± 1.2 26.4 
230 3,810 ± 124 3,720 30.9 ± 1.1 31.9 
260 1,937 ± 69 1,930 48.9 ± 0.95 48.0 
290 953.5 ± 37 970 75.6 ± 0.80 76.3 
Corresponding vapor pressure values are given in Table 30. 
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Figure 25. Experimentally Determined Henry's Law Constants 
for the Helium-Ethane System. 
113 
147 
not available to Solen, et al., the only comparison is with the con-
sistency method. Figure 26 shows that the results are quite smooth and 
agreement is very good. 
CO — O O 
Table 14 presents the calculated and smoothed values of H2 and V2, 
The experimental uncertainty of yT and x2 produced a maximum uncertainty 
OO — C O 
of four percent in H2 and about two percent in V2. 
CO — O O 





— O O 
V2, cc/gm mole 
Calculated Smoothed Calculated Smoothed 
129.98 62,640 ± 1,880 62,800 18.3 ± 0.4 20.5 
150.01 27,640 ± 895 27,700 22.9 ± 0.3 21.3 
162.00 18,215 ± 615 18,350 23.9 ± 0.3 21.9 
173.99 12,559 ± 441 12,650 23.4 ± 0.7 22.8 
188.02 8,543 ± 314 8,520 23.7 ± 0.2 24.5 
202.01 5,978 ± 230 5,900 26.4 ± 0.1 27.4 
216.04 4,143 ± 166 4,190 36.7 ± 0.1 35.3 
Corresponding vapor pressure values are given in Table 29. 
H2 (P = P01,T) and V2 for the Helium-Propane System 
140 
Schindler, et al. have obtained gas-liquid equilibrium data for 
this system over the temperature range of 198.15 to 348.15 K and pressures 
up to 200 atmospheres. These data have been smoothed and they are pre-
sented in Appendix G. Figure 27 shows a comparison of the calculated 
Henry's law constants. Agreement is fairly good between this work and 
147 
that of Solen, et al. The two methods differ by a maximum of about 13 
percent at the highest temperature. 
114 
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Figure 27. Experimentally Determined Henry's Law Constants 
for the Helium-Propane System. 
116 
00 — C O 
Smoothed values of H2 and V2 are presented in Table 15. The maxi-
mum uncertainty in these calculations due to the uncertainty in y1 and x2 
00 — C O 
was about four percent of H3 and five percent of V2 . 
CO — C O 
Table 15. H3 and V3 for the Helium-Propane System 
"'< CO — C O 
T,K H2 , atm V2, cc/gm mole 
Calculated Smoothed Calculated Smoothed 
198.15 12,035 ± 392 11,850 25.7 ± 0.5 27.7 
223.15 6,998 ± 234 7,000 31.8 ± 0.8 29.6 
248.15 4,640 ± 162 4,620 31.1 ± 1.2 32.0 
273.15 3,174 ± 114 3,190 34.9 ± 1.5 35.0 
298.15 2,237 ± 84 2,235 42.1 ± 1.9 39.6 
323.15 1,553 ± 60 1,545 43.8 ± 2.2 47.8 
348.15 946 ± 38 940 68.9 ± 2.5 69.0 
Corresponding vapor pressure values are given in Table 32. 
CO — C O 
H2 (P = P0i,T) and V2 for the Helium-Propylene System 
The phase equilibrium study done in this work represents the only 
data available for this system. These data have been smoothed and are 
presented in Appendix G. Calculations have been made over the temperature 
range of 200.00 to 254.98 K. The consistency method has been used over 
the entire range of 175.00 to 254.98 K, and the results, which are pre-
sented in Figure 28, agree very favorably. 
CO — C O 
Calculated and smoothed values of H2 and V3 are presented in Table 
16. The uncertainty in yx and x2 produces a maximum uncertainty of four 
CO — 0 3 
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Figure 28. Experimentally Determined Henry's Law Constants 
for the Helium-Propylene System. 
Table 16. H2 and V2 for the Helium-Propylene System 
T,K" 
CO 
H2 , atm 
— C O 
Va, cc /gm mole 
Calculated Smoothed Calculated Smoothed 
175.00 26,000"" 
187.49 18,350^ 
200.00 13,557 ± 389 13,650 21.5 ± 1.2 21.0 
212.49 10,225 ± 310 10,300 23.8 ± 2.0 21„9 
224.99 7,996 ± 249 7,990 23.2 ± 2.7 23.2 
239.99 6,063 ± 208 6,000 23.3 ± 3.6 25.5 
254.98 4,598 ± 165 4,620 28.9 ± 4.5 29.0 
Corresponding vapor pressure values are given in Table 31. 
Extrapolated using the consistency method. 
Discussion of Results 
CO 
The results of these calculations confirm that the H2 values ex-
tracted, using the virial equation to calculate the gas phase fugacity, 
147 
are in excellent agreement with the results calculated by Solen, et al. 
using the modified Redlich-Kwong equation to describe the fugacity. In 
CO 
most cases the same experimental data were used to calculate H2; there-
fore, any difference between these two calculated values is a direct re-
flection of the inability of the two methods to predict the same fugacity. 
The maximum difference between the two methods was found to be 13 percent, 
and the two methods had a tendency to differ for T =0.8. In most 
K.1 
cases the agreement was within the experimental uncertainty. The smoothed 
00 
values of H2 were determined by weighting both sets of results. 
The consistency method has been shown to give surprisingly good 
agreement with the results derived from the more elaborate procedures. 
In almost every case, the results of the consistency method agreed better 
with the results of this work than those of Solen, et al. These results 
indicate that at least for the helium systems this method is very satis-
factory. These results never deviate from the smooth curve by more than 
10 percent. 
-°° 147 
Since the values of V2 used by Solen, at al. were calculated 
18 
from an empirical method of Chueh and Prausnitz instead of experimental 
data, no comparison is made here. However, in the following chapter a 
/f§\ 
comparison is made. Since the slope of the in [ — ) versus (P - P01) curve 
\x2 / 
— C O 
determines the value of V2, it is expected that some scatter of these 
values is reflected by the difficulty of drawing a line through the 
120 
calculated values. Most of the differences between the actual and 
— 0 0 
smoothed values of V2 can be accounted for because of the experimental 
uncertainty. 
00 — 0 0 
Table 17 presents the values of H2 and V2 for the various helium 
binary systems at a reduced temperature of 0.75. By using a reduced 
CO — O O 
temperature basis, it is possible to make a comparison of H2 and V2 values 
for the various systems. The results obtained are very interesting. The 
CO 
helium-nitrogen system shows the lowest H2 value. This means that helium 
is most soluble in this system. The helium-carbon dioxide system shows 
CO 
an extremely high value of Hg which indicates that the solubility of 
helium is very low. Within the helium-hydrocarbon series there appears 
to be no systematic trend. The helium-propane system shows the lowest 
CO 
value of Hg in this series. Apparently helium is more soluble in the 
— C O 
heavier hydrocarbons than the lighter ones. The V2 values for these 
hydrocarbons are all above 30 cc/gm mole and they appear to increase with 
the molecular weight. The helium-nitrogen system shows the smallest value 
— 0 0 
Of Vg. 
121 
Table 17. Values of H2 and V2 Compared at a Given Reduced 
Temperature (T = 0.75) 
Ri 
<JJ — U J 
System T,K Hg , atm V2 , cc/gm mole 
He-Ar 113 3,420 24.3 
He-02 116 3,280 20.6 
He-N 94.5 2,120 17.2 
He-C02 228 9,100 19.1 
He-CH, 143 3,470 30.7 
4 
He-CnRV 229 3 ,800 3 1 . 8 I 6 
He-C2H 212 4 , 6 1 0 3 3 . 1 
He-C0H0 277 3 ,050 35 .9 J o 
He-CQH, 274 3 ,500^ 3 3 . 5 ' ' 3 6 
Values of H2 and V2 are extrapolated. 
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CHAPTER VIII 
THEORETICAL PREDICTION OF HENRY'S LAW CONSTANT AND PARTIAL 
MOLAR VOLUME AT INFINITE DILUTION 
General Discussion 
In previous chapters, the gas phase has been generally described 
using the virial equation of state instead of semi-empirical or empiri-
cal equations of state. The reason for this preference is that the 
virial equation is derivable from statistical mechanics and the other 
models are not. Hence, any improvement on the theoretical model is 
somewhat of an extension of the existing theory of gases. 
In an attempt to describe the properties of a liquid phase, dif-
ferent theories of statistical mechanics of fluids have been developed. 
As in the case of the gas phase, there are some theories that are funda-
mental in nature, based on first principles, and some which are semi-
empirical or empirical. Some of the fundamental theories that have been 
93 
used are the Mayer cluster theory, the radial distribution function 
49 112 
theory, the Percus-Yevick theory, and the most recent scaled par-
128 
tide theory of fluids. Theories which are considered semi-empirical 
123 49 
or heuristic are the free volume theories, quasi-lattice theories, 
14 
and the significant structure volume theory. 
As is expected, the heuristic models in general give best agree-
ment with experimental results since their form has been chosen to fit 
the data. The fundamental theories are appealing due to their theoretical 
123 
basis. 
The problem of predicting the solubility of a high-pressure gas 
CO 
in a liquid phase has not yet been solved. If good estimates of Hg 
— 0 0 
and VM could be obtained, one could use Equation (VII-16) to determine 
the liquid composition. Hence the problem becomes one of finding a 
theory which will predict these two quantities. Recent work by Miller 
and Prausnitz has shown that the free volume theory ' gives an 
expression for the Henry's law constant. The systems they considered 
are at high pressures and one component is above its critical tempera-
ture. Their paper indicates that only one adjustable parameter, K 1 2, 
which has been discussed in Chapter V, is required for these calculations. 
03 
Although the method appears to predict satisfactory values for H 2, there 
is evidence that a change in K 1 2 amounting to ± 0.05 produces a 30 per-
00 
cent change in H 2. As has been indicated in Chapter V, the value of 
K 1 2 can be a strong function of temperature. This implies that their 
method may have large possible errors. 
18 
Using another semi-empirical method, Chueh and Prausnitz have 
— C O 
developed a method of calculating V2 in nonpolar liquid mixtures. Their 
method consists of extending to mixtures the corresponding states corre-
o c 
lation of Lyckman, et al. for calculation of molar volumes of saturated 
liquid mixtures. These mixture volumes are used to calculate partial 
molar volumes from a modification of the Redlich-Kwong equation. This 
-co 147 
method was used to calculate V2 in the paper by Solen, et al. 
00 — C O 
The above methods represent the best ways of estimating H8 and V2 
from semi-empirical methods. The results are admittedly good, but these 
124 
models tend to divorce themselves from what is actually occurring physi-
cally in the system. It would indeed be refreshing to find a model, 
CO — C O 
based upon first principles, which could predict H2 and V2 . Of the fund-
amental theories mentioned, the scaled particle theory appears to produce 
the most consistent results. Therefore, this chapter will be devoted to 
the application of this theory to high pressure gas solubility. 
Method of Pierotti 
The scaled particle theory was first presented in 1957 by Reiss, 
1 9 Q 19Q 1^0 
et al. ' ' The theory calculated the reversible work required to 
introduce a hard sphere (component 2) into a fluid (component 1) by pro-
ducing a spherical cavity of radius, a8. This theory does not contain 
any adjustable parameters, and the physical properties calculated by this 
method are obtained from formulas containing quantities which are obtained 
from independent measurements. 
.113,114 , . 
Pierotti has presented equations for the work required to 
introduce a real gas in a solvent. This method has been used by him to 
calculate Henry's law constants, heat of solution, partial molar volumes, 
. . . 114,115 113 . 4_. 
and heat of vaporization m aqueous and non-aqueous solutions. 
Pierotti indicates that there are two steps in the introduction of a gas 
molecule in a solvent. First, a hole, the size of the solute molecule, 
is created in the solvent. Second, the solute molecule interacts with 
the solvent when placed in the cavity. The Lennard-Jones (6-12) pairwise 
potential is used to describe this interaction. 
i • i - 1 1 r - i i 1 1 3 , 1 2 8 
The equations used m this method are as follows : 
°° G i Gc /RT 
' " »* = if + Rf + ^ ( ^ 
(VIII-1) 
C = V]. + Vc + 3TRT (VIII-2) 
H = RT + aRT2 ( 9"-, + 2J?3 ) 
vap P \ (1 - Y)3 / 
(VIII-3) 
a?N (1 - Y) 4 
\ = ; 
T 6RT Y(l + 2Y)' 
(VIII-4) 
<y_ = 
1 - Y3 
P T(l + 2Y)' 
(VIII-5) 
G represents the partial molar Gibbs free energy of creating a 
I T O 
cavity in a fluid and is given by Reiss as: 
G - KQ + Kx aT 3 + K3 aT 2 + KQ ax 2 (VIII-6) 
where 
Ko = RT [- in (1 - Y) + ( | ) (- nPa^ 
(1 - Y ) / J 6 
(VIII-7) 
>:F + I S ( -.(1 - Y) \(l - Y)J J 
2 -
+ nPai (VIII-8) 
^ = (f) [((T^yy) + 18 ( ( T ^ ) ) 8 J " 2 ^ (VIII"9> 
K3 = (4/3) TTP (VIII-10) 
where 
na3-
Y = —7-^ (VIII-11) 
a12 =
 al + gg. (VIII-12) 
G. is the partial molar Gibbs free energy for the interaction 
term. If the entropy term is neglected, G. is approximated by the partial 
molar internal energy, E., where 
E. = - 5-333TTPC (VIII-13) 
1 6a12 
The dispersion constant C can be expressed in terms of the Lennard-Jones 
(6-12) parameters: 
C = 4(eie2)
s P t **) (VIII-14) 
The heat of vaporization, H , can be calculated using Equation (VTII-3) 
provided a value of Oi , coefficient of thermal expansion, can be obtained 
The values of B and a can be calculated from Equations (VIII-4) and 
(VIII-5) provided one knows the value of a1 , the effective hard core 
diameter. 
—00 
In the calculation of the partial molar volume, V2, V represents 
the volume change upon charging, and V is the volume change upon cavity 
formation. If V in Equation (VIII-2) is set equal to zero, we obtain 
Vg0 = V + B RT (VIII-15) 
127 
where V can be calculated from the relation 
c 
Vc = 82.0560 3T TY {[j^Y)
 + Jl^wIK^ff < V I I I- 1 6 ) 
ffi^Vl + r ^ ^ + 36Y3 TfgiiA3 (%<A + 1" 
V a i ;J
 + L(i - Y)2 + (i - Y ) 3 J L \ a i ) V a i y
 + 4. 
(1 - Y)J 6 
The Dependence of ax Upon Temperature 
The preceding equations indicate that the value of aT is a very 
important input number in these calculations. The number ax represents 
the effective hard core diameter of the solvent molecule. To determine 
a value of ax, one generally assumes that the intermolecular potential 
function has the Lennard-Jones form, and a1 can be extracted from second 
virial coefficient data. The value of a1 corresponds to the intermolecu-
lar distance at which the potential function passes through zero. This 
corresponds to the parameter a in the Lennard-Jones potential. Since 
molecules do not actually possess hard cores, a1 is defined as an average 
diameter. In non-spherical molecules it may be possible to choose a 
value of a1 which hopefully would include the rotational averaging and 
core softness. Values of the Lennard-Jones parameters used in this work 
are presented in Table 18. 
T-. • .115 . _ . 128 . T .. . , ., . 
Pierotti and Reiss have clearly demonstrated the variation 
of a1 for various molecules with temperature. For a given solvent the 
128 
T a b l e 18 . L e n n a r d - J o n e s (6 -12 ) P a r a m e t e r s 
las P a r a m e t e r P a r a m e t e r s R e f e r e n c e 
Number e / k , K 
He 6 .96 2 .63 107 
Ar 1 122 3 .40 50 
2 118 .13 3 .499 155 
3 119 .3 3 .4302 167 
N2 1 9 5 . 2 3 .745 109 
2 90.467 3.935 165 
3 96.26 3.694 155 
4 95.9 3.71 50 
CH, 1 148.9 3.783 109 
2 148.2 3.817 50 
3 142.87 4.010 155 





9 7 1 
.9 .7  
.2 817 
87 010 
200.5 4 .939 
243 3.954 
199 .2 4 . 5 2 3 
202.52 4 . 4 3 3 
194 .4 4 .595 
242 5 .637 
233 .28 5 .711 
195 .0 6 .700 
215.67 5.75 
2 0 9 . 1 5 .897 
167.66 6 .959 
4 
C„H, 1   109 
2 6 
2  954 50 
C„H. 1 2  50 
2 4 
2 202.52 4.433 155 
3 194.4 4.595 109 
C„H0 1   50 
5 o 
2 2  71  155 
3 0 700 109 
C0H, 1  7  160 
3 6 
2 209.1 5.897 109 
3 167.66 6.959 (This Work) 
In this section, O" is equal to a. 
129 
113 
value of a1 seems to decrease as the temperature increases. Pierotti 
has shown that, since the dispersion constant, C, is related to the 
oo 
polarizability of the solute, a2 , a plot of J&n H2 versus Cf2 should pro-
duce a smooth curve for various solutes in a given solvent. The extrapo-
lation of this curve to zero polarizability gives a finite value of 
o°° 
in H2 . This indicates that, although the interaction term in Equation 
(VIII-1) is zero, the solubility is nonzero. Equation (VIII-1) now be-
comes 
r 
o00 c /RT\ 
l n H s = RT + £ n Ivf; (VIII-17) 
113 
Pierotti has also shown that it is possible to correlate the collision 
diameter, a2 , of the rare gases with their polarizabilities. Extrapola-
tion of this curve to zero polarizability gives a value for a2 equal to 
o 00 
2.58 A. Therefore, the extrapolation of the £n H2 versus a2 curve to 
zero polarizability is equivalent to determining the solubility of a hard 
sphere of diameter 2.58 A in the particular solvent. Since the value of 
a2 at Qfg = 0 is now known, Equation (VIII-17) can be solved for aT pro-
o°° 
vided values of £n H3 are known. This procedure is followed at various 
temperatures so that the temperature dependency of a1 can be established. 
Pierotti ' has used this method to calculate ax versus temperature 
for benzene and water, and his results indicate that these molecules show 
46 
very little temperature dependency. More recently, Heck has success-
fully used this correlation for solutes in carbon dioxide. 
Heck has presented a critical comparison of experimental Henry's 
law constants and those calculated from the scaled particle theory. 
130 
His theoretical work consists of using different Lennard-Jones parameters 
for the solute and solvent molecules. Since different people have fitted 
different temperature ranges of second virial coefficient data, it is 
possible to have a wide selection of Lennard-Jones parameters. For ex-
ample, Heck gives values of ax that vary from 3.34 to 4.55 A for carbon 
o 
dioxide and from 3.954 to 5.22 A for ethane. The spherical inert gases 
appear to have a narrower range of a1 values. For example, neon shows a 
range of 2.749 to 2.82 A. In his comparative study, Heck observed that 
the Lennard-Jones parameters that fitted the second virial coefficients 
best did not necessarily predict the best Henry's law constants. In most 
cases the predicted curves did not have the correct temperature depend-
ency. The solvents that he considered were neon, oxygen, ethane, and 
carbon dioxide with the solutes being either helium, hydrogen, or neon. 
His final conclusion was that the liquid phase composition cannot be 
calculated by the method of Pierotti. 
In this chapter, an attempt is made to explain these results ob-
served by Heck. Pierotti ' has stated that the temperature dependency 
of a1 and the geometric mixing rule in the interaction term are probably 
the largest sources of error present in his method. Both of these po-
tential sources of error are investigated in this work. Values of a2 
as a function of temperature are obtained for different solvents. The 
method used is that described previously in this section. The values of 
CXI 
In Ha used in this work were values extracted from the solubility data of 
helium and hydrogen gases dissolved individually in the solvent. Experi-
mental values of the Henry's law constants for the helium systems are 
taken from Chapter VII, and the H3 values for the hydrogen systems are 
taken from Orentlicher and Prausnitz. Values of ô  used in this work 
113 
were taken from the paper of Pierotti. The values of a1 extracted 
from Equation (VIII-17) are considered experimental data and these results 
are compared to a± values obtained from Equations (VIII-3), (VIII-4), and 
(VIII-5) which relate a1 to the heat of vaporization, isothermal compres-
sibility, and thermal expansion for the pure solvent. The various values 
of a in the Lennard-Jones parameters given in Table 18 are also used for 
comparison. A comparison was made in all cases where these physical 
properties of the liquid phase were available. Hopefully these results 
might indicate which physical properties would provide good estimates of 
a1 versus temperature. 
a1 versus Temperature for Argon. Since the scaled particle theory 
has been derived for hard spheres dissolved into a fluid of spherical 
particles, this solvent should provide an excellent test of the theory. 
o°° 
Values of a1 extracted from in H 3 data using Equation (VIII-17) are 
shown in Figure 29 together with ax values calculated from Equations 
(VIII-3), (VIII-4), and (VIII-5) involving H , B and a respectively. 
V3.p -L r 
The experimental values of isothermal compressibility and coefficient of 
1 ̂  C 
thermal expansion were taken from Rowlinson and heat of vaporization 
values from Ziegler, et al. and Din. The comparison of ax values 
o00 
computed by the last three methods with values of a1 computed from H2 
data shows that the values of ax computed using H give the best agree-
ment while values of a2 computed using 8 and a are smaller. The value 




































at higher temperatures. Values of a from the Lennard-Jones parameters 
given in Table 18 are somewhat higher than the experimental values of 
a1 . The values of a, in Table 18, are not a function of temperature and 
would be represented as a straight line in Figure 29. 
a1 versus Temperature for Nitrogen. Since there are two sets of 
Henry's law constants available for the solubility of helium in nitrogen, 
Figure 22, it was felt that ar values should be extracted using both sets 
oo OR 
of H3 values. The first data set was that of DeVaney and represents 
00 CO 
the H2 values extracted in this work, and the second set were those H2 
-| Q O 1 / "7 
values extracted from the data of Rodewald by Solen, et al. The two 
sets of a1 values extracted from these data using Equation (VTII-17) are 
shown in Figure 30. They have somewhat different slopes, but agree to 
within about 0.15 A. Also shown in Figure 30 are values of ax extracted 
from Equations (VIII-3), (VIII-4), and (VIII-5) which involve H , B 
Vcip J. 
and a for pure liquid nitrogen. The experimental values of B and a 
were taken from Rowlinson and values of H were taken from Ziegler, 
vap 
et al. and Din. The values of ax calculated using these last three 
methods show that the a1 values computed using H give the best agree-
Vcip 
ment while values calculated from 3 and a are smaller. Again the values 
computed from CY gave the poorest agreement. The parameters a from the 
Lennard-Jones potential function are given in Table 18 for nitrogen. 
These values of a are all larger than the experimental results. 
a1 versus Temperature for Methane. The values of ax extracted 
r\C0 
from H2 data using Equation (VIII-17) are shown in Figure 31. At higher 
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Figure 31. Variation of a^ with Temperature for Methane. 
OJ 
Ln 
previous curves. Values of ax calculated from the physical properties, 
H , (3 and Qf are shown in Figure 31 for comparison. The experi-
Vcip -L r 
mental values of |3 and a for pure liquid methane were taken from Row-
linson, and the values of H were those of Ziegler, et al. and 
vap ° 
29 
Din. The values of a-, from H are in reasonably good agreement with 
1 vap J b 
the experimental a1 values. The a1 values extracted from |3 and cr are 
smaller than experiment. Again the values computed from <y gave the 
poorest agreement. The values of a from the Lennard-Jones potential, 
presented in Table 18, show good to poor agreement. 
ax versus Temperature for Other Solvents. Values of a1 have been 
QOO 
extracted from H2 data for ethylene, ethane, propylene, and propane 
using Equation (VIII-17). These results are presented in Figure 32. The 
CO 
calculations were made possible because of the H2 data available for 
helium and hydrogen dissolved in these solvents. Due to a lack of suffi-
cient physical property data, it was not possible to compare these a1 
values with values of ax calculated from other physical properties. The 
ax values calculated for these systems are generally lower than the 
Lennard-Jones parameter a presented in Table 18. 
00 —CO 
Theoretical Values of H2 and V2 Calculated 
from Pierotti's Method 
The previous section has revealed that, over a wide temperature 
range, most cryogenic liquids exhibit a sizable change in their molecular 
core diameter, ax . The larger molecules tend to show the largest varia-
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Figure 32. Variation of a1 with Temperature for Ethane, 
Ethylene, Propane, and Propylene. OJ ^ j 
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aT = 4.33 to 4.13 A over a temperature range of 75 K. The values of a1 
from the Lennard-Jones parameters are not in agreement with solubility 
a1 values for large molecules. The purpose of this section is to examine 
CO — C O 
the effect of ax on the calculation of H2 and V2, and thus to investigate 
the usefulness of this method in predicting the solubility of gases in 
liquids. 
Since the molecular core diameter, a1, has been determined versus 
temperature, it is now possible to check the contribution of the inter-
CO 
action term, G., in Equation (VIII-1) in the calculation of Hg. The 
evaluation of the interaction energy term, Equation (VIII-13), requires 
the calculation of the geometric average of the Lennard-Jones energy 
parameter. Deviations from the geometric mixing rule for both the 
Lennard-Jones and Kihara potential models have been discussed previously 
in Chapter V. Therefore, it seems likely to assume that this interaction 
energy term might be corrected by including the (1 - K ) factor before 
the geometric mixing rule in Equation (VIII-14). This gives 
C = 4(1 - \J)(e1e2)^ (
% * 8 g) (VIII-18) 
o o 
Liu has obtained a correction to the Lennard-Jones geometric mixing rule 
for the helium-argon, -nitrogen, and -methane systems. His correction is 
based upon a least square fit of this potential function to the interaction 
second virial coefficient. This assumes that the linear average is valid 
for the calculation of 0"12 , Equation (IV-28) . By calculating the values 
CO 
of H2 from Equation (VIII-1) using the experimental ax data, it is possible 
139 
to check the importance of the interaction energy, G. , in these calcu-
lations. It is hoped that, if a correction to the interaction term is 
necessary in this method of Pierotti, it would correspond to the (1 - K 
factor found by Liu. 
— C O 
The calculation of V2, using Equation (VIII-2), requires an accu-
rate knowledge of the coefficient of isothermal compressibility, p . Of 
the systems studied in this work, data of this type are available for 
argon, nitrogen, and methane. Calculations made using the method of 
1 O 
Pierotti and those calculated using the method of Chueh and Prausnitz 
are compared to the experimental results of this work for these three 
systems. In all these calculations, the Lennard-Jones parameters used 
107 
for helium are those presented by Mullins (see Table 18). The number 
of the theoretical curves in the following figures corresponds to the 
number assigned to the respective Lennard-Jones parameters in Table 18. 
CO — C O 
H2 and V2 f o r t h e Hel ium-Argon System 
CO 
Figure 33 shows the calculated values of H2 together with the ex-
perimental results from Table 8. Most of the theoretical curves are 
within a factor of two of the experimental values. These curves do not 
take variations of a-± with temperature into account, but the variations 
CO 
are not considerable. The theoretical values of H2 predicted using the 
a1 values extracted from solubility data, Figure 29, show the correct 
temperature dependency. These values are a factor of two and one-half 
times too low, and a value of K = 0.485 in Equation (VIII-18) is re-
quired to bring the theoretical curve into agreement with experiment. 
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Figure 33. Comparison of Theoretical and Experimental Hg 
for the Helium-Argon System. 
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oo 
the value of K = 0.122 found by Liu using interaction second virial 
cofficient data. 
A comparison of the calculated and the smoothed experimental values 
— C O — C O 
of V3 is shown in Figure 34. The calculation of V2 is completely depend-
ent upon the values of ax and (3 . The larger values of ax have the effect 
of raising the theoretically predicted curves, but the slope appears to 
— C O 
remain unchanged. The values of V 2 predicted using the a1 values ex-
tracted from solubility data compare very well with the values predicted 
1 ft 
by the empirical method of Chueh and Prausnitz. Unfortunately, all of 
— C O 
the theoretically calculated values of V2 are too high when compared to 
the experimental values. The theoretical curves all show signs of bend-
ing upward at lower temperatures than the experimental curve. 
CO — C O 
Hs and V2 for the Helium-Nitrogen System 
00 
The experimental H3 values of both DeVaney and Rodewald from Table 
10 are presented together with theoretical values in Figure 35. The vari-
ous Lennard-Jones parameters from Table 18 predict values that are closer 
to the data of DeVaney than that of Rodewald, but they are generally high. 
The variation of these curves with temperature is generally in agreement 
CO 
with experiment. The H2 values predicted using the experimental ax solu-
bility values from Figure 30 are shown in Figure 35. These values are 
calculated for both the experimental data of DeVaney and Rodewald. The 
00 
variation of Hg with temperature is in excellent agreement with experiment, 
but again the predicted values are too low. The K values required to 
bring the theoretical curve into agreement with experiment were K = 0.466, 
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Figure 34. Comparison of Theoretical and Experimental V2 
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Figure 35. Comparison of Theoretical and Experimental I-I2 
for the Helium-Nitrogen System, 
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values of K do not compare too well with the value of K = 0.127, 
O O 
determined by Liu using the interaction second virial coefficient data. 
—-co 
In Figure 36, the values of V2 calculated from the various theo-
retical models are compared to smoothed values taken from Table 10. All 
— 0 0 
of the models predict values of Va that are too high. The aT solubility 
— C O 
values of DeVaney predict V2 values that are in excellent agreement with 
values calculated using the method of Chueh and Prausnitz. The values 
calculated using the Lennard-Jones parameters are excessively high. 
CO — C O 
H2 and V2 for the Helium-Methane System 
CO 
Figure 37 shows the theoretical Henry's law constants, H2 , togethe 
with the smooth experimental values from Table 12. The predicted values 
CO 
of H2 using the Lennard-Jones parameters shown in Table 18 do not show 
the correct temperature dependency. This indicates that this system has 
an a-L value that is a strong function of temperature as has been shown in 
Figure 31. These curves are generally still within a factor of two of 
the experimental values. If the experimental values of ax from Figure 31 
CO 
are used, the temperature dependency of H2 is reproduced very well. The 
calculated curve falls below the experimental curve. To bring the two 
curves into agreement, it is necessary to use a value of L = 0.364. Th is value agre s fairly well with the val e of BL = 0.224 calculated 
oo 
by Liu using interaction second virial coefficient data. 
— C O 
The theoretically calculated values of V2 and experimental values 
— C O 
from Table 12 are shown in Figure 38. The theoretical values of V2 are 
all higher than the experimental results. The values predicted using the 
a1 solubility values are in excellent agreement with those predicted by 
O Experimental 
a Calculated by Chueh and Prausnitz Method 
0 Calculated by Pierotti's Method using 
ai values from Figure 30 
125 
Figure 36. Comparison of Theoretical and Experimental V2 
for the Helium-Nitrogen System. 
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Figure 37. Comparison of Theoretical and Experimental H 
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Figure 38. Comparison of Theoretical and Experimental V2 
for the Helium-Methane System. 
the method of Chueh and Prausnitz. The values predicted by the Lennard-
Jones parameters are higher than the other theoretical values. 
CO 
H2 for the Helium-Ethane System 
In Figure 39, a comparison is made between the theoretical values 
CO 
of H2 computed using various values of a1 and the experimental values of 
CO 
H2 from Table 13. This system has Lennard-Jones parameters that have a 
values ranging from 3,954 to 4.939 A. The effect of this wide variation 
CO 
of a1 upon H2 is shown in Figure 39. These calculations reveal that the 
predicted values show a lack of temperature dependency and large differ-
00 
ences when compared to experiment. The values of H2 predicted from the 
solubility a1 values from Figure 32 show the correct temperature depend-
co 
ency. The values of H2 predicted by this method are again too low and a 
value of L = 0.345 was required to bring the two curves into agreement. 
CO 
H2 for the Helium-Ethylene System 
In Figure 40, a comparison is made between the theoretical values 
CO CO 
of H2 and experimental values of H2 taken from Table 14. The values pre-
dicted using the available Lennard-Jones parameters are shown to give 
CO 
values of H2 that are excessively high. The temperature dependency of 
these values is fairly good. The temperature dependency of the values 
CO 
of H2 predicted using the extracted a1 solubility values show excellent 
agreement with experiment. A value of K = 0.245 is required to produce 
excellent agreement between theory and experiment. 
CO 
H2 for the Helium-Propane and Helium-Propylene Systems 
A close inspection of Equation (VIII-1) reveals that, if the value 
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Figure 39. Comparison of Theoretical and Experimental Hg 
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Figure 40. Comparison of Theoretical and Experimental Hg 
for the Helium-Ethylene System. 
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Pierotti will not work. The value of Y is a function of a1 and the molar 
volume. In both of these systems, the values of a, from Table 18, were 
so large that all values of Y calculated were greater than unity; there-
fore, no theoretical calculations could be made using Lennard-Jones 
parameters. Figure 41 shows the comparison between the theoretical 
CO 
values of Hs calculated using solubility a1 values from Figure 32 and 
CO 
the experimental values of H2 given in Table 15 for the helium-propane 
system. The agreement is very good and a value of K = 0.228 was re-
quired for the adjustment of the interaction curve. Figure 42 shows 
the same type of comparison for the helium-propylene system. The tem-
perature dependency is very good between the theoretical and experimental 
curve. The values of a1 used to calculate the theoretical curve come 
CO 
from Figure 32 and the experimental values of H2 come from Table 16. A 
value of K = 0.20 was required to produce agreement between these two 
curves. 
Discussion of Results 
The previous sections of this chapter have revealed some interest-
ing information about the use of the scaled particle theory in describ-
ing the solubility of gases in liquids. Provided the Lennard-Jones param-
eters for the cryogenic liquid do not show considerable scatter, as was 
CO 
found to be the case for argon, notrogen, and methane, the predicted H2 
— C O 
and V2 values are generally within a factor of two of the experimental 
CO 
values. Unfortunately, the temperature dependency of the predicted Hg 
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Figure 41. Comparison of Theoretical and Experimental H 2 
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Figure 42. Comparison of Theoretical and Experimental h^ 
for the Helium-Propylene System. 
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To predict values of Eg that are in excellent agreement with ex-
periment, it is necessary to make two modifications of this method of 
Pierotti. The first modification is that the value of a1 must be treated 
as a function of temperature instead of being assumed to have a constant 
value. The amount of variation in a1 is apparently a function of the 
temperature range and the size of the molecule. Values of ax versus tem-
QCO 
perature have been extracted from H2 data, and these results are compared 
to a1 values extracted from physical property data (heat of vaporization, 
coefficient of isothermal compressibility, and coefficient of thermal ex-
pansion). This comparison was made for argon, nitrogen, and methane. 
Although the agreement between these curves is not very good, it appears 
that the heat of vaporization can give a1 values that are in reasonable 
agreement with experiment. The [3 and a values of a1 are. consistently 
lower than experiment, and they tend to diverge considerably at higher 
temperatures. 
The second modification of Pierotti's method is involved with the 
interaction term. It now appears that the error in the theoretically pre-
00 
dieted H2 values due to the interaction term cannot be entirely explained 
by a faulty geometric mixing rule for the energy parameters in the Lennard-
Jones model, Equation (VIII-18). The values of K that correct the geo-
J 
metric average in this work do not have the same values as the K , values 
o o 
that Liu obtained from the second interaction virial coefficient. The 
values obtained in this work imply that a reduction of the interaction 
term by as much as 48.5 percent is necessary in the helium-argon system. 
Without the interaction term correction being applied, the predicted values 
155 
of H2 using the a1 solubility values would still agree within a factor of 
two with experiment. The K values extracted in this work become smaller 
as the molecule becomes larger. For example, the helium-argon value of 
K. was found to be 0.485, and the corresponding value for the helium-
Q O 
propylene was 0.200. This is opposite to the trend found by Liu, using 
interaction second virial coefficient data. No attempt was made to try to 
correlate these K values, but it may be possible to make estimates of 
K parameters for other systems by using the values presented in this 
work as a guide. 
— C O 
The values of V2 that were predicted using the method of Pierotti 
with the ax solubility values agreed very well with the values predicted 
by Ghueh and Prausnitz. However, both of these calculated results are 
consistently high by a factor of two when compared to the experimental 
—00 
results. Values of V2 obtained using the Lennard-Jones parameter, a, as 
a constant, showed approximately the correct temperature dependency. Due 
— C O 
to the questionable uncertainty in extracting V2 from the slope of the f§ 
in — versus (P - P0i) curve, these results are not very conclusive. 
x2 
46 
It is not possible to explain some of the results Heck observed 
using the method of Pierotti. The inability of the theoretical model to 
predict the correct temperature dependency as stated by Heck is due to the 
variation of ax with temperature. Heck made theoretical calculations, 
using the method of Pierotti, for molecules whose various sets of Lennard-
Jones parameters show large variations in the parameter a. For example, 
in the case of ethane the three available sets of parameters gave values 
of a ranging from 3.954 to 5.22 A. These values of o for carbon dioxide 
ranged from 3.34 to 4.07 A for two sets of parameters. This wide range 
oo 
of a1 values, used to calculate H2, gave results that varied from too low 
to excessively high when compared to experimental values. These same 
observations were noticed in this work in some cases, but for molecules 
where the various a values are fairly constant from one set of parameters 
co 
to the next, as in the case of argon, the predicted values of Eg are in 
very good agreement with experiment (see Figure 33). 
In cases where the values of o from the Lennard-Jones potential 
show large variations, it is recommended that a value of ax be extracted 
from the H , using Equation (VIII-3). Heck's attempt to use the heat 
of vaporization as a means of obtaining a1 proved unfruitful, not because 
of a lack of the theory, but because he used an incorrect equation. The 
113 
equation used was taken from Pierotti's first paper, which contained 
a typographical error. It is hoped that this chapter has cleared up 
some of the statements made by Heck, and that it has reinstated the 
method of Pierotti as a suitable method of estimating the solubility of 
a high pressure gas in a liquid. 
157 
CHAPTER IX 
CONCLUSIONS AND RECOMMENDATIONS 
Conclusions 
The gas-liquid equilibrium for the helium-ethylene and helium-
propylene systems has been studied at temperatures below 255 K and 
pressures up to 120 atmospheres. The gas and liquid compositions have 
been determined along seven different isotherms for the helium-ethylene 
system. The seven isotherms correspond to temperatures of 129.98, 
150.01, 162.00, 173.99, 188.02, 202.01, and 216.04 K. These results are 
believed to be accurate to ± 3 percent for the 162.00 K isotherm and 
higher temperature isotherms. The two lowest isotherms are believed to 
be accurate to ± 4-g" percent. The helium-propylene system was studied in 
the gas phase along five isotherms. These temperatures were 200.00, 
212.49, 224.99, 239.99, and 254.98 K. The liquid phase of this system 
was studied at two additional temperatures, 175.00 and 187.49 K. The 
gas phase analyses at these two lowest temperatures were suspected to 
contain a possible 10 to 15 percent systematic error, and they are not 
reported. In this system the gas phase results along the 224.99, 239.99, 
and 254.98 K isotherms are uncertain to ± 3 percent, and the remaining 
isotherms, 200.00 and 212.49 K, are uncertain to about ± 4-g percent. The 
liquid analysis of this system is believed to be accurate to ± 3 percent 
for these five isotherms, and the lowest two isotherms, 175.00 and 187.49 
K, are known to about ± 4-g percent. 
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The only experimental data available for comparison were done by 
53 
Hiza and Duncan on the helium-ethylene system. They made measurements 
on the gas phase composition at 130 and 150 K. Their results are in good 
agreement with the results of this work. The agreement is always well 
within the combined experimental uncertainty of ± 7 percent. 
The temperatures reported in this work are based upon the Inter-
national Practical Temperature Scale of 1968 and pressure gauge correc-
tions are taken from Appendix C. The gas imperfection correction was 
applied to the mixtures used to construct the chromatographic calibration 
curve. This correction amounted to -f 0.5 percent for the helium-ethylene 
mixtures and 1.4 percent for the helium-propylene mixtures. Hence, it is 
evident that neglecting this correction could produce a sizable error in 
these data. 
The interaction second virial coefficient, B 1 2, has been extracted 
from available phase equilibria data for the helium-ethylene, helium-
ethane, helium-propylene, and helium-propane systems. The enhancement 
factor equation, using the virial equation of state, has been rearranged 
and solved for B 1 2. This program, which calculates the third virial 
coefficients using the method of Chueh and Prausnitz, can be used in 
the region of T = 0.80. The original program of Liu appears to give 
erroneous results when used above this reduced temperature. The results 
of this work tend to reveal that, as the disparity between interacting 
molecules becomes greater, the B12 values become large and positive. The 
curve of B12 versus temperature for these systems shows strong temperature 
dependency. Comparison of the extracted B12 values with the theoretically 
159 
calculated results showed that the models lacked the proper temperature 
dependency. 
- • ... 16,17,33,52,53,83,107 u Recent investigators have attempted to correct 
the faulty geometric mixing rule for the Lennard-Jones (6-12) and Kihara 
(6-12) core models. A correction is applied by introducing a constant 
factor before the geometric average. In the case of the Kihara core 
53 
model, this factor is given as (1 - K 1 2 ) . Hiza and Duncan ~ have de-
veloped a correlation which related this K13 to a function of the ioniza-
tion potential. Since this K12 factor has become increasingly important 
in describing phase equilibria, values of this factor were extracted from 
available B12 data. A variety of helium binary systems was investigated, 
and the K12 factors extracted from experiment are in good agreement with 
53 
the correlation of Hiza and Duncan. Because of the strong temperature 
dependency shown by some of the B12 results, the values of K12 calculated 
in this work were determined over a specified temperature range. 
Theoretical enhancement factors were predicted for the helium-
ethylene, helium-ethane, helium-propylene, and helium-propane systems 
using the virial and BWR equations of state to describe the gas phase. 
In this work the liquid solution was assumed to be ideal, and the experi-
mental mole fraction, xx, was used in the calculation. The virial equa-
tion using the Kihara core potential with the correction to the geometric 
mixing rule for the calculation of B12 and the third virial coefficients 
calculated using the method of Chueh and Prausnitz gave the best agree-
ment with experiment. The Lennard-Jones (6-12) and Kihara model without 
the geometric correction were generally in poor agreement with experiment. 
160 
The BWR(LINEAR) equation predicted values that agreed very well with ex-
periment, but the BWR(LORENTZ) values are considerably poorer. Both the 
virial and BWR equations were able to predict the minimum and maximum 
present in the enhancement factor isobar curves. 
The Krichevsky-Kasarnovsky equation can be used to correlate the 
liquid phase data of helium binary systems. The virial equation apparently 
00 
does an adequate job of calculating the fugacity since the Hg results com-
147 
pared favorably with those of Solen, et al., who used the Redlich-Kwong 
equation to calculate the fugacity. For these helium systems, the results 
oo 
of the consistency method of calculating Hg have been shown to be in ex-
cellent agreement with the results calculated by the more elaborate 
03 — 0 0 
methods. Values of H2 and V2 have been extracted for the systems studied 
o o 
in this work and those studied by Liu. 
The method of Pierotti ' can be used to provide good estimates 
00 — O O 
of H2 and V2 for these helium systems. These values predicted from first 
principles are generally within a factor of two and one-half of the ex-
perimental results. By taking into account the temperature dependency of 
the core diameter, a1, it is possible to represent the temperature depend-
ency of the experimental curve. An additional correction applied to the 
Lennard-Jones geometric mixing rule, involved in the interaction energy 
term, produces results which agree very well with experiment. The pre-
— 0 0 
dieted value of V2 using the temperature dependency of the core diameter, 
a1 , agrees with experiment by a factor of two. These results agree almost 
147 
exactly with the theoretical values reported by Solen, et al. using the 
1 O 
relation of Chueh and Prausnitz. 
161 
Recommendations 
The following is a list of recommendations for future work in 
phase equilibria. 
1. The work done on the helium-propylene system should be extended 
to lower temperatures. Additional gas phase data at lower temperatures 
would perhaps confirm that the enhancement factors begin to increase with 
decreasing temperature. These data would also provide values of B12 and 
thereby demonstrate the temperature dependency of B12 for this system. 
2. The method of Huff and Reed should be used to predict values 
of B12 for various helium binary systems. Jones and Kay have demon-
strated that this method works well for the helium-n-butane system. 
• -, 109,156 , 
5. The Kihara spherical core parameters have been shown to 
fit the second virial coefficient data for various molecules very well. 
It would be interesting to use these parameters to extract K12 values and 
to see how these values compare to the values of K12 obtained using the 
122 
parameters of Prausnitz and Myers. This would give some indication as 
to the dependency of K12 upon the Kihara parameters used. 
4. In selecting a set of Lennard-Jones parameters to fit the second 
virial coefficient data, consideration of the predicted values of the third 
virial coefficient should be taken into account. The least squares fit 
of the Lennard-Jones (6-12) potential function to virial coefficient values 
has the following characteristic. As the fit is applied to the low tem-
perature end of the data, the value of b increases rapidly and e/k de-
creases. Since the third virial coefficient calculations require the use 
of b , it is easy to see why these parameters tend to predict high values 
162 
for the third virial coefficient. Since some pure third virial coeffi-
cients are now available, a least squares fit of the Lennard-Jones (6-12) 
parameters should take into account this additional information. 
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5. A recent paper by Sze and Hsu " gives the second virial coef-
ficient for the Lennard-Jones (6-m) potential in reduced form. The value 
of m was varied from 8 to 150. This parameter represents the hardness 
or softness of the molecular core. Since there is no reason why every 
molecular core described by the Lennard-Jones potential should obey the 
(6-12) potential, it would be interesting to try different values of m 
in the potential. The larger molecules should have lower values of m 
since their molecular cores are softer. This type of Lennard-Jones poten-
tial might give a better temperature dependency for the predicted B12 
curves. 
6. Multicomponent vapor-liquid equilibrium data are available for 
-i • 6, 150 ,, _ . n . . . 
helium-natural gas mixtures. Most of the necessary helium binary 
interaction data required for a theoretical calculation of multicomponent 
vapor-liquid equilibria of these systems have been presented in this work 
o o 
and that of Liu. It would be very interesting to try to predict the 
equilibrium compositions of the multicomponent mixture and make compari-
sons with experiment. Comparisons of this type are very rare since few 
experimental data on multicomponent systems are available. 
7. The value of the molecular core, a1, used in the method of 
Pierotti, has been determined as a function of temperature for various 
cryogenic solvents. These values of a1 could be used to predict the solu-
bility of hydrogen, neon, argon, and other gases in these cryogenic liquid 
163 
The only additional data required would be an adjustment of the geometric 
mixing rule. 
8. Perhaps some attempt should be made to determine the useful-
ness of the following empirical relations: (1) the Redlich-Kwong equa-
119 120 
tion to predict enhancement factor data; (2) the method of Miller 
104 °= 
and Prausnitz to predict the values of Ha; and (3) the method of Chueh 
18 -" 





EXPERIMENTAL VAPOR PRESSURE OF ARGON AND CARBON DIOXIDE 
Since the argon and carbon dioxide gases used by Mullins and 
0 1 
Liu were still available for use, the measurement of the vapor pres-
sure of these gases provided a check as to whether the pressure gauges 
and platinum resistance thermometer were still operating properly. 
Table 19 shows the experimental vapor pressure of argon measured 
in this work and a comparison of these data with those calculated from 
the experimental curves of McCain and Ziegler, Van Itterbeek, et al., 
103 
and Michels, et al. Measurements were made over the temperature range 
of 119.98 to 147.48 K, which corresponds to a pressure range of 12.28 to 
42.88 atmospheres. These data agree very well with the work of Mul-
lins as indicated by Table 21. 
Experimental vapor pressure results for carbon dioxide are pre-
sented in Table 20, and a comparison is made with the results calculated 
98 
from the experimental curve of Meyers and Van Dusen. The temperature 
range covered in this work was 208.13 to 238.15 K, which corresponds to 
a pressure range of 2.85 to 11.93 atmospheres. The results of this work 
83 
agree very well with the data obtained by Liu shown in Table 21. 
The pressure gauges, one a low pressure gauge (0 to 600 psi, five 
inch diameter) and the other a high pressure gauge (0 to 3000 psi, five 
inch diameter), have been originally calibrated by Kirk and were found 
by him to require the addition of 1 and 15 psi, respectively, to the gaug 
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Table 19. Experimental Vapor Pressure of Argon 
Vapor P res sure, atm 












119.98 12.03 12.28 12.020 12.019 11.976 
124.99 15.65 15.96 15.674 15.673 15.624 
129.98 20.03 20.51 20.031 20.030 19.990 
134.99 25.24 25.68 25.214 25.212 25.195 
139.98 31.34 31.66 31.290 31.288 31.295 
144.98 38.66 38.417 38.414 38.427 
147.48 42.88 42.409 42.405 42.412 
Average difference between high 
pressure gauge and investi-
gators 
0.37 0.37 0.38 
Average difference between low 
pressure gauge and investi-
gators 
0.014 0.014 0.04 
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Table 20. Experimental Vapor Pressure of Carbon Dioxide 
Vapor Pressure, atm 





208.13 2.854 3.284 
213.14 4.045 4.507 
218.13 5.529 5.943 
223.16 6.766 7.031 
228.14 8.258 8.727 
233.14 9.986 10.29 
238.15 11.93 12.20 
Myers and 
Van Dusen 
Average difference between high pressure 
gauge and investigator 
Average difference between low pressure 










Table 21. Summary of Vapor Pressure Measurements 
on Phase Equilibrium Equipment 
Investiga-
tor 
Gas Average Deviation from 
103 
Average Deviation from 
Michels, et al. J atm Myers and Van Dusen, atm 
High Pressure Low Pressure High Pressure Low Pressure 
Gauge Gauge Gauge Gauge  
Mullins Argon 0.34 0.07 
This Work Argon 0.38 0.04 
T . 83 Liu Carbon 
Dioxide 







reading. These corrections were used in the measurements reported in 
Tables 19, 20, and 21. All temperature measurements were made on a 
platinum resistance thermometer calibrated by the National Bureau of 
Standards on the International Practical Temperature Scale of 1948 
(IPTS-48). 
These results tend to confirm that the apparatus is operating, at 
pressures less than 50 atmospheres, in a manner similar to that found by 
Mullins and Liu. Phase equilibrium measurements made on the helium-
carbon dioxide system, presented in Appendix B, confirm that, at high 
pressures, the gauges are also operating in a manner similar to that 
f A K T ' 8 3 
round by Liu. 
The results of Table 21 imply that applying the plus one psi cor-
rection as stated by Kirk for the low pressure gauge caused the gauge 
to give results that agreed well with data from other experimenters. 
However, applying the + 15 psi correction to the high pressure gauge 
causes this gauge to give pressure measurements that are about plus five 
psi too high. A change of this high pressure gauge correction from + 15 
to 10 psi enables the gauge to represent the experimental data much 
better. This matter has been discussed in detail in Appendix G. 
APPENDIX B 
HELIUM-CARBON DIOXIDE SYSTEM MEASUREMENTS 
To develop experimental technique in the operation of the phase 
equilibrium apparatus and to check the pressure gauges at high pressure, 
several experimental enhancement factors of the helium-carbon dioxide 
system were determined. The gas phase composition was measured for 
three different pressure points along an isotherm previously studied 
by Barrick, et al. and Liu. Figure 43 shows these results together 
o o o 
with the data of Barrick, et al. and Liu. The accuracy of the mea-
surements of this work was within the experimental uncertainty of ± 3 
percent as stated by Liu. 
The gas mixing burette built by Kirk was used to prepare several 
helium-carbon dioxide gas mixtures. These mixtures were run on the 154B 
gas chromatograph to check Liu's calibration curve. These results were 
also within the experimental error of the chromatographic analysis. 
Both of these experiments gave the experimenter confidence that 
the phase equilibrium apparatus and the gas mixing burette were being 
operated in a correct manner. 
1.3 
O Barrick, et al. (T = 219.90 K) 
• Liu83 (T = 220.31 K) 
O This Work (T = 219.91 K) 
C O 





Figure 43. Experimental Enhancement Factors in the 
Helium-Carbon Dioxide System at 219.91 K. 
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APPENDIX C 
CORRECTION OF THE HIGH PRESSURE GAUGE AND TEMPERATURE 
MEASUREMENTS ON THE IPTS-68 
At the beginning of this work, it appeared that applying the plus 
15 psi correction to the high pressure gauge and the plue one psi cor-
rection to the low pressure gauge found by Kirk caused there to be a 
sizable difference in readings on the two gauges. Two different sets 
of measurements were responsible for this observation. 
As the initial check on the pressure gauges, Table 21 in Appendix 
A summarizes the three different sets of vapor pressure measurements of 
107 8 ? 
Mullins, Liu, and this work. This table gives the average differ-
ence between the experimental vapor pressures measured in this laboratory, 
and the values measured experimentally by other investigators. Assuming 
that the temperature measurements are valid, which is the most likely 
assumption, it appears that the average difference between the three in-
vestigators confirms that the plus one psi correction for the small 
gauge reading causes it to read approximately 0.04 atmospheres or 0.60 
psi too high, and the plus 15 psi correction to the high pressure gauge 
reading appears to be on the average 0.37 atmospheres or 5.5 psi too 
high. The uncertainty in reading these pressure gauges is about 0.75 psi 
for the low gauge and 2.5 psi for the high pressure gauge. This confirms 
that the low pressure gauge is operating within its experimental uncer-
tainty, but the correction applied to the high pressure gauge causes it 
to produce values that are high. 
As a second check on the pressure gauges, the equilibrium cell 
was pressurized over the range of 10 to 480 psi and both gauges were read. 
With no gauge corrections being applied, the average difference between 
readings was found to be 8.6 psi. The procedure was repeated by depres-
surizing from 480 to 10 psi, and this time the average difference was 
10.8 psi. Taking an average of these two numbers and adding plus one psi 
to account for the correction to the small gauge, a final difference of 
10.7 psi would have to be added to the high pressure gauge, instead of 
plus 15 psi as Kirk's calibration showed, to have it agree with the low 
pressure gauge readings. 
Since the vapor pressure measurements have indicated that the large 
gauge should be corrected by + 9.5 psi, and the comparison between gauges 
indicated a -f 10.7 psi correction, it was decided to adopt a new correc-
tion value of + 10 psi. Hence, all of the pressure measurements shown in 
this thesis, except those in Appendices A and B, have been corrected by 
plus one psi for the small gauge and + 10 psi for the large gauge. 
Temperature measurements made in this work were obtained by using 
a platinum resistance thermometer. The thermometer has been calibrated 
by the U. S. National Bureau of Standards on the International Practical 
Temperature Scale of 1948. To convert these temperatures to the Kelvin 
scale, the following relation was used 
T(K) = t(°C) + 273.15 
173 
A recent paper by Barber provides the correction from the IPTS of 1948 
to the IPTS of 1968. This correction is given over the temperature range 
o 
of -180 to 100 C. All temperatures measured in this work, except those 
in Appendices A and B, are reported on the IPTS-68. 
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APPENDIX D 
CALIBRATION OF GAS CHROMATOGRAPHS 
The calibration of a thermal conductivity gas chromatograph to 
detect a given component over a wide range of composition is a formidable 
task. Initially in the calibration, a column must be found which not 
only separates any known impurities from the main peak, but it must also 
allow the main component to pass through the column in a reasonable time 
and with a quick response to the recorder. This assures the experimenter 
of a very sharp and symmetrical peak. After consideration is given to 
other variables as: gas sample valve size, recorder chart speed, car-
rier gas, recorder voltage, and detector voltage setting, the next im-
portant step is to make up standard lecture bottles of approximate com-
position over the entire composition region. A bottle is made for each 
chromatograph attenuation switch used. This enables the experimenter to 
correct for day-to-day changes in the response from the thermistor sens-
ing device located in the thermal conductivity cell. The assigned peak 
heights of these standard bottles are established at the time of the 
chromatographic calibration. During phase equilibrium measurements, the 
unknown sample is analyzed and immediately afterwards the standard bottle 
for that attenuation switch is also analyzed. If the standard bottle 
peak height shows a drift from its value at the time of the original 
calibration, the unknown sample peak height is changed by a proportional 
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amount. This corrected peak height for the unknown sample now allows one 
to calculate the corresponding value of the mole fraction using the origi-
nal calibration curve. Standard bottles for these different switches are 
usually of such a composition that their peak heights are approximately 
75 units (three fourths of the width of the recorder chart paper). This 
minimizes the amount of correction that has to be made for the chromato-
graphic drift. 
The actual chromatograph calibration curve is constructed by making 
up samples of known composition that contain the component to be analyzed 
together with the second component. To make these gas mixtures, a gas 
mixing burette designed and built by Kirk was used. This apparatus can 
be used to prepare binary mixtures in which either component could range 
from a few hundred parts per million to 100 mole percent. In systems 
where molecules with large negative second virial coefficients are pres-
ent, as in ethylene or propylene, it is necessary to make gas imperfec-
tion corrections to the compositions of the mixtures made up in the gas 
mixing burette. 
Helium-Ethylene System 
This binary system was studied over the temperature range 129.98 
to 216.04 K, which corresponds to the composition range of 0.0405 to 
about 25 mole percent ethylene in helium. Figure 44 shows the calibra-
tion curve obtained for ethylene in helium using a 154D Perkin-ETmer 
chromatograph. This calibration range required the use of nine standard 
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Figure 44. Calibration Curve of Ethylene in Helium. 
system for gas imperfection in the gas mixtures. 
The solubility of helium in ethylene over this temperature range 
covers a much smaller composition range. The calibration curve showed a 
range of composition from 0.0295 to 4.77 mole percent using a 154B Perkin-
Elmer chromatograph. Seven standard bottles were made for this calibra-
tion and Figure 45 shows the final selected calibration curve. 
Helium-Propylene System 
This system was studied along five different isotherms all in the 
gas-liquid region. Therefore, it was again necessary to establish cali-
bration curves for the determination of gas and liquid compositions. 
The chromatograph calibration curves for the determination of propylene 
in the gas phase is shown in Figure 46. The curve covers a composition 
range from 0.0363 to 30.9 mole percent, and required the use of nine 
standard bottles on the 154D chromatograph. In this calibration the gas 
mixtures made up in the gas burette were corrected for gas imperfection 
by about 1.4 percent. 
The calibration curve used for the analysis of helium in liquid 
propylene was the same curve established for the analysis of helium in 
liquid ethylene on the 154B chromatograph, Figure 45. It was quite ap-
parent that, due to the modification applied to the 154B chromatograph, 
the component present with the helium should not affect the analysis of 
the helium. A check of the calibration curve using a few helium-propylene 
mixtures verified this hypothesis as is shown in Figure 45. 
Selected Curve 
3% Error Bar 
Helium in Ethylene 
O Original Calibration 
• Check Points After Com-
pletion of Gas-Liquid Runs 
Helium in Propylene 
• Original Calibration 
• Check Points After Com-
pletion of Gas-Liquid Runs 
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Calibration Curve of Propylene in Helium, 
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Comments on Calibration Curves 
In all calibration curves shown in this work, the ± 3 mole per-
cent error lines are used to indicate the degree of scatter present 
during the calibration. At the low composition end of the curve, the 
scatter is usually larger than three percent. This scatter indicates 
the approximate uncertainty in the phase equilibrium measurements due to 
analysis. Table 22 gives specific operational information about the 
chromatographic columns and conditions used in each analysis. 
Since it took several days for the chromatograph calibration to 
be completed, it was necessary to choose a mean room temperature and 
pressure. All peak heights measured during this calibration were cor-
rected to this standard set of ambient conditions by assuming that the 
change in the number of moles contained in the sample was proportional to 
the change in temperature and pressure. During an experimental run, this 
correction was not done since the standard bottle height automatically 
corrects for temperature and pressure variations by changing its height 
from its calibration value. 
The rerun points shown on all three calibration curves were all 
performed after the phase equilibrium runs were completed. These points 
gave confidence that the calibration curve stayed constant during the 
entire experiment. 
It was mentioned in Chapter III that, due to some experimental 
enhancement factors obtained in the helium-propylene system at the two 
lowest isotherms, 187.5 and 175.0 K, the calibration curve for propy-
lene, Figure 46, was suspected of containing a systematic error in the 
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Oven Temperature, C 32 32 41 29 
Carrier Gas Argon Argon Helium Helium 
Flow Rate, cc/min 58 58 337 99 
Sample Size, cc 10 10 15.6 15.6 
Detector Voltage 
mv at Shunt 
60 60 4.6 4.6 
Recorder Voltage 
mv at Shunt 
7 7 0.75* 3.0* 
Chart Speed, inches/min 1.5 1.5 1.5 1.5 
These voltages caused a deflection of 90 and 95, respectively, on the 
recorder. 
lowest concentration region. The reason for this hypothesis is that the 
lowest isotherm, 175.0 K, gave values of the enhancement factor that were 
less than unity. Although enhancement factors less than one have been 
observed in the helium-mercury and helium-napthalene systems, and a 
43 
good summary of this phenomenon is presented by Haar and Sengers, there 
are several reasons why it is not expected to occur ir the helium-propylene 
system. First, from a corresponding states basis, this system would not 
agree with the other helium-hydrocarbon systems. Second, the reliable 
theoretical enhancement factor models do not predict that this should 
occur. Third, use of these enhancement factor data to extract interac-
tion virial coefficient data would lead to a B13 curve that has a nega-
tive slope. A negative slope in this type of curve has never been shown 
except in mixtures where both components are well above their critical 
temperatures (see Chapter V). All of these results pointed to a possible 
error in these enhancement factor measurements at low temperature. A 
preliminary investigation did not reveal any possible source of direct 
error. The fact that the liquid compositions compared very well with the 
helium-propane solubility values seemed to indicate that perhaps a sys-
tematic error was present in the propylene calibration curve. Unfortu-
nately, by the time all observations were made, the standard bottles used 
in the propylene analysis were destroyed and no check of the calibration 
curve could be made. Mr. Y. K. Yoon, who is presently working on the 
helium-tetrafluoromethane system, did discover that a systematic error 
was present in the gas mixing burette. Apparently a capillary stopcock 
used on this apparatus had developed a slight blockage. Since each dilu-
tion of the original sample would include this error, in the lowest con-
centration region, 0.04 mole percent, this blockage could account for an 
enhancement factor error of 10 to 15 percent too low. Since phase equi-
librium measurements on the helium-ethylene system appear to agree well 
with data from an independent investigator, it appears that the block-
age occurred some time after the helium-ethylene system was run. It 
now appears probable that the gas phase composition measurements at the 
lowest temperatures for the helium-propylene system may have been in 
error by as much as 15 percent. For these reasons, the enhancement fac-
tors at 175.00 and 187.49 K have not been reported. 
APPENDIX E 
SUMMARY OF PHASE EQUILIBRIUM DATA FOR THE 
HELIUM-ETHYLENE AND HELIUM-PROPYLENE SYSTEMS 
Phase equilibrium data for the helium-ethylene and the helium-
propylene systems are presented in Tables 23 through 26. These tables 
present the gas-liquid equilibrium compositions for these two systems 
as a function of pressure and temperature. Six pressure points, ranging 
from approximately 120 to 20 atmospheres, were measured along each 
isotherm. 
The first column in these tables gives the code number of the 
sample. The first number represents the pressure setting, the first 
letter represents the isotherm being measured and the second number 
represents the sample number. 
Pressure gauge corrections were made using the results given in 
Appendix C and adding the barometric pressure to the gauge reading. 
Temperature of the equilibrium cell and the cell difference thermocouple 
were continuously monitored during each run. At a given pressure point, 
the equilibrium temperature could easily be controlled to ± 0.03 K. The 
cell difference thermocouple values ranged from 0.00 to a maximum of 0.03 
K in the helium-ethylene system and from 0.00 to 0.022 K in the helium-
propylene system. The temperature assigned to the gas equilibrium sample 
was the temperature indicated by the platinum resistance thermometer at 
the time of the analysis. All temperatures were measured on the (IPTS-48), 
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but using the procedure described in Appendix C, they have been corrected 
to the (IPTS-68). The temperature of the liquid sample was the tempera-
ture indicated by the platinum resistance thermometer at the moment of 
withdrawal. No correction was made for the small thermal gradient along 
the bomb, since one half of the bomb temperature difference was always 
less than 0.015 K. 
The flow rate used in almost all of these experimental points was 
100 cc/hr at the cell temperature and pressure. This corresponds to a 
residence time of 25 minutes in the cell. As was mentioned in Chapter 
III, this flow rate was found to be sufficient for equilibrium to be 
reached. 
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Table 23. Experimental Gas Phase Equilibrium Composition 
in the Helium-Ethylene System 
S amp 1e T P Poi 100 y i 0 
No. K atm atm mole percent 
1A3 129.976 119.65 0.04346 0.0458 1.261 
1A4 129.973 119.65 0.04345 0.0454 1.249 
1A5 129.972 119.65 0.04344 0.0447 1.231 
SELECTED 129.97 119.65 1.247 
2A3 129.992 100.05 0.04354 0.0519 1.193 
2A4 129.991 100.05 0.04353 0.0519 1.193 
2A5 129.970 100.05 0.04343 0.0525 1.210 
SELECTED 129.98 100.05 1.199 
3A4 129.987 80.45 0.04351 0.0635 1.174 
3A5 129.988 80.45 0.04352 0.0645 1.192 
3A6 129.985 80.45 0.04350 0.0639 1.182 
SELECTED 129.99 80.45 1.183 
4A3 129.978 63.16 0.04347 0.0766 1.112 
4A4 129.978 63.16 0.04347 0.0769 1.117 
4A5 129.977 63.16 0.04347 0.0774 1.124 
SELECTED 129.98 63.16 1.118 
5A2 129.973 41.93 0.04345 0.1105 1.066 
5A3 129.974 41.93 0.04345 0.1096 1.058 
5A4 129.975 41.93 0.04346 0.1091 1.053 
SELECTED 129.97 41.93 1.059 
6A2 129.979 22.35 0.04348 0.2023 1.040 
6 A3 129.982 22.35 0.04349 0.1989 1.022 
6A4 129.990 22.35 0.04353 0.2019 1.037 
SELECTED 129.98 22.35 1.033 
1B3 150.019 119.24 0.26989 0.2544 1.124 
1B4 150.022 • 119.24 0.26995 0.2507 1.107 
1B5 150.023 119.24 0.26997 0.2538 1.121 
SELECTED 150.02 119.24 1.117 
2B3 150.018 99.91 0.26987 0.2914 1.079 
2B4 150.014 99.91 0.26979 0.2950 1.092 
2B5 150.015 99.91 0.26981 0.2936 1.087 
SELECTED 150.02 99.91 1.086 
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0 .5896 1.111 
0 .5868 1.105 
0 .5878 1.107 
1.108 
0 .7044 1.109 
0 .6987 1.100 







Table 23. (Continued) 
Sample T P 
No. K atm 
4C3 161.996 81.06 
4C4 161.997 81.06 
4C5 162.000 81.06 
SELECTED 162.00 81.06 
5C3 161.987 60.38 
5C4 161.983 60.38 
5C5 161.983 60.38 
SELECTED 161.98 60.38 
6C5 161.991 42.01 
6C6 161.984 42.01 
6C7 161.989 42.01 
SELECTED 161.99 42.01 
7C8 161.996 22.91 
7C9 161.983 22.91 
7C10 161.991 22.91 
SELECTED 161.99 22.91 
1D9 174.001 118.77 
1D10 173.990 118.77 
1D11 173.993 118.77 
SELECTED 174.00 118.77 
2D4 174.029 99.71 
2D 5 174.010 99.71 
2D6 174.032 99.71 
SELECTED 174.02 99.71 
3D4 173.990 80.66 
3D5 173.990 80.66 
3D6 173.991 80.66 
SELECTED 173.99 80.66 
4D6 173.981 ' 60.24 
4D7 173.972 60.24 
4D8 173.974 60.24 
SELECTED 173.98 60.24 
5D7 173.985 41.87 
5D8 173.977 41.87 
5D9 173.973 41.87 
SELECTED 173.98 41.87 
P 0 1 100 yi 0 
atm mole percent  
0.63183 0.8528 1.094 
0.63182 0.8503 1.091 
0.63200 0.8503 1.091 
1.092 
0.63146 1.134 1.084 
0 .63130 1.135 1.086 
0 .63130 1.124 1.075 
1.082 
0.63163 1.617 1.075 
0.63134 1.588 1.057 
0.63154 1.606 1.068 
1.067 
0.63183 2.961 1.074 
0.63130 2.936 1.065 
0.63163 2.966 1.076 
1.072 
1.3043 1.236 1.126 
1.3035 1.239 1.129 
1.3037 1.241 1.131 
1.129 
1.3064 1.448 1.105 
1.3050 1.454 1.111 
1.3066 1.445 1.103 
1.106 
1.3035 1.781 1.102 
1.3035 1.776 1.099 
1.3036 1.774 1.098 
1.100 
1.3029 2.363 1.093 
1.3022 2 .357 1.090 
1.3024 2 .360 1.092 
1.092 
1.3032 3.391 1.089 
1.3026 3.389 1.089 
1.3023 3.384 1.088 
1.089 
Table 23. (Continued) 
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Sample T P 
No. K atm 
6D4 173.987 22.92 
6D5 173.988 22.92 
6D6 173.984 22.92 
SELECTED 173.99 22.92 
1E3 188.015 119.17 
1E4 188.019 119.17 
1E5 188.023 119.17 
SELECTED 188.02 119.17 
2E4 188.031 99.51 
2E5 188.046 99.51 
2E6 188.034 99.51 
2E7 188.030 99.51 
SELECTED 188.02 99.51 
3E5 188.046 80.72 
3E6 188.044 80.72 
3E7 188.057 80.72 
3E8 188.048 80.72 
SELECTED 188.05 80.72 
4E3 188.034 60.24 
4E4 188.035 60.24 
4E5 188.043 60.24 
SELECTED 188.04 60.24 
5E2 187.961 42.35 
5E3 187.974 42.35 
5E4 187.963 42.35 
SELECTED 187.97 42.35 
6E5 188.003 42.20 
6E6 187.976 42.20 
6E7 188.003 42.20 
SELECTED 187.99 42.20 
7E4 187.991 23.80 
7E5 187.993 23.80 
7E6 187.993 23.80 
7E7 187.996 23.80 
SELECTED 187.99 23.80 
P01 100 y, 0 
atm mole percent  
1.3033 6 .056 1.065 
1.3034 6 .028 1.060 
1.3031 6 .035 1.061 
1.062 
2 .6632 2 .592 1.160 
2 .6637 2 .589 1.158 
2 .6642 2 .600 1.163 
1.160 
2 .6652 2 .979 1.112 
2 .6671 2 . 9 9 3 1.117 
2 .6656 3 .002 1.121 
2 .6651 2 .982 1 .113 
1.116 
2 .6671 3 .725 1.127 
2 .6686 3 .709 1.122 
2 .6685 3 .757 1.136 
2 .6674 3 .742 1.132 
1.129 
2 .6656 4 . 9 5 2 1.119 
2 .6657 4 .960 1.121 
2 .6667 4 .957 1.120 
1.120 
2.6565 6.910 1.102 
2.6581 6.791 1.082 
2.6568 6.834 1.089 
1.091 
2.6618 6 .962 1.104 
2 .6584 6 .960 1.105 
2 .6618 6 .979 1.106 
1.105 
2.6603 12.22 1.093 
2.6605 12.29 1.099 
2.6605 12.31 1.101 
2.6609 12.25 1.096 
1.097 
Table 23. (Continued) 
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Sample T P 
No. K atm 
1F4 201.995 119.51 
1F5 202.001 119.51 
1F6 201.997 119.51 
SELECTED 202.00 119.51 
2F3 202.002 119.30 
2F4 201.999 119.30 
2F5 202.000 119.30 
SELECTED 202.00 119.30 
3F3 201.987 99.64 
3F4 201.986 99.64 
3F5 201.984 99.64 
SELECTED 201.99 99.64 
4F5 202.014 81.13 
4F6 202.015 81.13 
4F7 202.023 81.13 
SELECTED 202.02 81.13 
5F4 202.047 60.17 
5F5 202.044 60.17 
5F6 202.035 60.17 
SELECTED 202.04 60.17 
6F6 202.016 42.54 
6F7 202.016 42.54 
6F8 202.016 42.54 
SELECTED 202.02 42.54 
7F3 202.021 24.61 
7F4 202.022 24.61 
7F5 202.029 24.61 
SELECTED 202.02 24.61 
1G2 216.021- 119.09 
1G3 216.009 119.09 
1G4 215.999 119.09 
SELECTED 216.01 119.09 
2G3 216.050 99.77 
2G4 216.049 99.77 
2G5 216.040 99.77 
SELECTED 216.04 99.77 
P01 100 y, </> 
atm mole percent  
4.8760 4.919 1.206 
4.8772 4.888 1.198 
4.8764 4.911 1.204 
1.203 
4.8774 4.914 1.202 
4.8768 4.893 1.197 
4.8770 4.901 1.199 
1.199 
4.8744 5.852 1.196 
4.8742 5.819 1.190 
4.8738 5.838 1.194 
1.193 
4 .8797 7 .030 1.169 
4 .8799 7 . 0 1 3 1.166 
4 .8815 6 .966 1.158 
1.164 
4.8862 9.418 1.160 
4.8856 9.442 1.163 
4.8838 9.409 1.159 
1.161 
4 . 8 8 0 1 1 3 . 1 3 1.145 
4 . 8 8 0 1 13 .17 1.148 
4 . 8 8 0 1 13 .19 1.150 
1.148 
4.8811 21.93 1.106 
4.8813 22.07 1.113 
4.8826 22.20 1.119 
1.113 
8.2324 8.626 1.248 
8.2289 8.606 1.246 
8.2260 8.627 1.249 
1.248 
8.2407 10.27 1.244 
8.2404 10.18 1.233 
8.2378 10.17 1.232 
1.236 
Table 23. (Concluded) 
Sample T P 
No. K atm 
3G2 216.026 83.11 
3G3 216.050 83.11 
3G4 216.017 83.11 
3G5 216.037 83.11 
SELECTED 216.03 83.11 
4G3 216.032 60.25 
4G4 216.037 60.25 
4G5 216.042 60.25 
SELECTED 216.04 60.25 
5G3 216.046 42.29 
5G4 216.047 42.29 
5G5 216.048 42.29 
SELECTED 216.05 42.29 
P01 100 Yl 0 
atm mole percent  
8.2338 12.16 1.227 
8.2407 12.29 1.239 
8.2312 12.07 1.219 
8.2369 12.22 1.233 
1.230 
8.2355 16 .24 1.188 
8 .2369 16 .26 1.189 
8 .2384 16 .17 1 .183 
1.187 
8 .2395 2 3 . 0 3 1.182 
8 .2398 22 .78 1.169 
8 .2401 22 .88 1.174 
1.175 
Table 24. Experimental Values of Equilibrium Liquid Phase 
Compositions in the Helium-Ethylene System 
Sample T P 100 Xg 
No . K atm mole percent 
1A1 129 .971 119 .65 0 .1740 
1A2 129 .971 119 .65 0 .1749 
SELECTED 129.97 119 .65 0 .1745 
2A1 129.966 100 .05 0 . 1 4 7 2 
2A2 129.966 100 .05 0 .1469 
SELECTED 129.97 100 .05 0 . 1 4 7 1 
3A1 129.985 80 .45 0 .1282 
3A2 129.983 80 .45 0 . 1 2 8 5 
SELECTED 129.98 8 0 . 4 5 0 .1284 
4A1 129.975 60 .28 0 .0947 
4A2 129.975 60 .28 0 .0949 
SELECTED 129.98 60 .28 0 .0948 
5A1 129.977 4 1 . 9 3 0 .0652 
5A2 129.977 4 1 . 9 3 0 . 0 6 5 1 
SELECTED 129.98 4 1 . 9 3 0 .0652 
6A1 129 .998 22 ,35 0 .0396 
6A2 1 2 9 . 9 9 8 2 2 . 3 5 0 .0407 
SELECTED 130 .00 22 .35 0 . 0 4 0 1 
1B1 150 .025 119.24 0 .3887 
1B2 150 .025 119 .24 0 .3887 
SELECTED 150.03 119 .24 0 .3887 
2B1 150.015 9 9 . 9 1 0 . 3 2 9 3 
2B2 150 .015 9 9 . 9 1 0 . 3 3 1 3 
SELECTED 150 .02 9 9 . 9 1 0 . 3 3 0 3 
3B1 150 .000 99 .78 0 .3280 
3B2 150 .000 99 .78 0 .3264 
SELECTED 150.00 9^ .78 0 .3272 
4B1 150.030 80.59 0 .2666 
4B2 150.030 80 .59 0 . 2 6 7 5 
SELECTED 150 .03 8 0 . 5 9 0 .2671 
Table 24. (Continued) 
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Sample T P 100 Xg 
No . K atm mole percent 
6B1 150.000 42.07 0.1489 
6B2 150.000 42.07 0.1496 
SELECTED 150.00 42.07 0.1493 
7B1 150.010 22.95 0.0818 
7B2 150.010 22.95 0.0793 
SELECTED 150.01 22.95 0.0805 
1C1 162.008 119.10 0.5888 
1C2 162.008 119.10 0.5866 
SELECTED 162.01 119.10 0.5877 
2C1 162.023 99.61 0.5058 
2C2 162.023 99.61 0.5068 
SELECTED 162.02 99.61 0.5063 
3C1 162.003 81.27 0.4134 
3C2 162.003 81.27 0.4156 
SELECTED 162.00 81.27 0.4145 
5C1 161.983 60.38 0.3091 
5C2 161.983 60.38 0.3091 
SELECTED 161.98 60.38 0.3091 
6C1 161.993 42.01 0.2213 
6C2 161.993 42.01 0.2197 
SELECTED 161.99 42.01 0.2205 
7C1 161.999 22.91 0.1182 
7C2 161.999 22.91 0.1180 
SELECTED 162.00 22.91 0.1181 
1D1 173.996 118.77 0.8561 
1D2 173.996 118.77 0.8581 
SELECTED . 174 .00 118.77 0.8572 
2D1 174.043 99.71 0.7205 
2D2 174.043 99.71 0.7273 
SELECTED 174.04 99.71 0.7239 
3D1 173.992 80.66 0.5907 
3D2 173.992 80.66 0.5899 
SELECTED 173.99 80.66 0.5903 
Table 24. (Continued) 
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Sample T P 100 Xg 
No . K atro mole p e r c e n t 
4D1 173.976 60.24 0.4504 
4D2 173.976 60.24 0.4508 
SELECTED 173.98 60.24 0.4506 
5D1 173.971 41.87 0.3071 
5D2 173.971 41.87 0.3091 
SELECTED 173.97 41.87 0.3081 
6D1 173.980 22.92 0.1689 
6D2 173.980 22.92 0.1695 
SELECTED 173.98 22.92 0.1692 
1E1 188.031 119.17 1.232 
1E2 188.031 119.17 1.229 
SELECTED 188.03 119.17 1.231 
2E1 188.026 99.51 1.064 
2E2 188.026 99.51 1.065 
SELECTED 188.03 99.51 1.065 
3E1 188.039 80.72 0.8641 
3E2 188.039 80.72 0.8682 
SELECTED 188.04 80.72 0.8662 
4E1 188.051 60.24 0.6448 
4E2 188.051 60.24 0.6414 
4E3 188.051 60.24 0.6475 
SELECTED 188.05 60.24 0.6446 
5E1 187.970 42.35 0.4536 
5E2 187.970 42.35 0.4554 
SELECTED 187.97 42.35 0.4545 
6E1 188.051 42.20 0.4515 
6E2 188.051 42.20 0.4517 
SELECTED 188.05 42.20 0.4516 
7E1 187.999 23.80 0.2458 
7E2 187.999 23.80 0.2469 
7E3 187.999 23.80 0.2482 
SELECTED 188.00 23.80 0.2469 
1F1 201.995 119.51 1.721 
1F2 201.995 119.51 1.728 
SELECTED 202.00 119.51 1.725 
Table 24. (Concluded) 
Sample T P 100 ^ 
No . K atm mole percent 
3F1 201.982 99.64 1.446 
3F2 201.982 99.64 1.448 
SELECTED 201.98 99 64 1.447 
5F1 202.026 60.17 0.8956 
5F2 202.026 60.17 0.8987 
5F3 202.026 60.17 0.8963 
SELECTED 202.03 60.17 0.8969 
6F1 202.016 42.54 0.6127 
6F2 202.016 42.54 0.6108 
SELECTED 202.02 42.54 0.6118 
7F1 202.036 24.61 0.3168 
7F2 202.036 24.61 0.3174 
SELECTED 202.04 24.61 0.3171 
2G1 216.031 99.77 1.947 
2G2 216.031 99.77 1.942 
SELECTED 216.03 99.77 1.945 
4G1 216.048 60.25 1.187 
4G2 216.048 60.25 1.167 
4G3 216.048 60.25 1.169 
SELECTED 216.05 60.25 1.174 
5G1 216.060 42.29 0.8153 
SELECTED 216.06 42.29 0.8153 
Table 25. Experimental Gas Phase Equilibrium Composition 
in the Helium-Propylene System 
Sample T P 
No. K atm 
1C6 200.011 118.42 
1G7 200.012 118.42 
1C8 200.014 118.42 
1C9 200.015 118.42 
SELECTED 200.01 118.42 
2C5 200.009 99.50 
2C6 200.010 99.50 
2C7 200.010 99.50 
2C8 199.997 99.50 
SELECTED 200.01 99.50 
3C3 199.999 80.79 
3C4 199.999 80.79 
3C5 199.999 80.79 
SELECTED 200.00 80.79 
4C3 200,001 60.24 
4C4 199.999 60.24 
4C5 200.003 60.24 
4C6 200.013 60.24 
SELECTED 200.00 60.24 
5C4 199.991 41.67 
5C5 200.003 41.67 
5C6 199.998 41.67 
5C7 199.997 41.67 
SELECTED 200.00 41.67 
6C3 199.996 23.03 
6C4 200.000 23.03 
6C5 199.998- 23.03 
6C6 200.001 23.03 
SELECTED 200.00 23.03 
1D3 212.509 118.22 
1D4 212.513 118.22 
1D5 212.507 118.22 
1D6 212.506 118.22 
SELECTED 212.51 118.22 
P 0 1 100 yx 0 
atm mole p e r c e n t  
0 .26527 0 .2295 1.025 
0 .26528 0 .2309 1.031 
0 .26532 0 . 2 3 0 3 1.028 
0 . 2 6 5 3 3 0 . 2 2 9 1 1 .023 
1.027 
0.26524 0.2806 1.053 
0.26525 0.2811 1.054 
0.26525 0.2811 1.054 
0.26505 0.2798 1.050 
1.053 
0.26508 0.3463 1.055 
0.26508 0.3471 1.058 
0.26508 0.3473 1.059 
1.057 
0 .26511 0 .4500 1.023 
0 .26508 0 .4489 1.020 
0 .26514 0 .4507 1.024 
0 .26530 0 . 4 5 0 1 1.022 
1.022 
0.26495 0.6451 1.015 
0.26514 0.6426 1.010 
0.26406 0.6435 1.012 
0.26505 0.6420 1.009 
1.012 
0 . 2 6 5 0 3 1.182 1.027 
0 .26509 1.180 1.025 
0 .26506 1.180 1.025 
0 . 2 6 5 1 1 1.179 1.024 
1.025 
0 .53270 0 .4686 1.040 
0 .53282 0 .4688 1.040 
0 .53265 0 .4676 1.038 
















































































100 y1 0 
mole p e r c e n t  
0 . 5 5 2 1 1.042 
0 .5474 1 .033 
0 .5485 1.035 
1.037 
0 . 6 8 1 1 1.032 
0 . 6 8 2 3 1 .033 
0 . 6 8 6 3 1.040 










2 .389 1 .053 
2 .386 1.052 
2 .390 1.054 
















Table 25. (Continued) 
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Sample T P 
No. K atm 
4E2 224.979 60.45 
4E3 224.987 60.45 
4E4 224.989 60.45 
4E5 224.984 60.45 
SELECTED 224.99 60.45 
5E2 224.992 40.98 
5E3 224.989 40.98 
5E4 224.996 40.98 
5E5 224.992 40.98 
SELECTED 224.99 40.98 
6E3 224.985 25.47 
6E4 224.984 25.47 
6E5 224.992 25.47 
SELECTED 224.99 25.47 
1F5 239.990 119.92 
1F6 239.986 119.92 
1F7 239.982 119.92 
1F8 239.987 119.92 
SELECTED 239.99 119.92 
2F4 239.986 100.86 
2F5 239.984 10G.86 
2F6 239.991 100.86 
2F7 239.985 100.86 
SELECTED 239.99 100.86 
3F5 239.986 80.59 
3F6 239.982 80.59 
3F7 239.982 80.59 
3F8 239.989 80.59 
SELECTED 239.99 80.59 
4F3 239.988- 60.25 
4F4 239.997 60.25 
4F5 239.997 60.25 
4F6 239.973 60.25 
SELECTED 239.99 60.25 
P01 100 yx 0 
atm mole percent  
0.97875 1.725 1.065 
0.97910 1.727 1.066 
0.97919 1.727 1.066 
0.97897 1.729 1.068 
1.066 
0.97933 2.546 1.065 
0.97919 2.545 1.065 
0.97951 2.545 1.065 
0.97933 2.545 1.065 
1.065 
0.97901 4.093 1.065 
0.97897 4.080 1.062 
0.97933 4.084 1.062 
1.063 
1.8528 1.702 1.102 
1.8525 1.707 1.105 
1.8522 1.706 1.105 
1.8525 1.706 1.104 
1.104 
1.8525 2.018 1.099 
1.8523 2.018 1.099 
1.8528 2.026 1.103 
1.8524 2.031 1.106 
1.102 
1.8525 2 .532 1.101 
1.8522 2 .548 1.109 
1.8522 2 .544 1.107 
1.8527 2 .538 1.104 
1.105 
1.8526 3 .376 1.098 
1.8533 3 .388 1.101 
1.8533 3 .393 1.105 
1.8515 3 .388 1.102 
1.102 
Table 25. (Concluded) 
Sample T P 
No. K atm 
5F5 239.984 41.13 
5F6 239.992 41.13 
5F7 239.993 41.13 
5F8 239.997 41.13 
SELECTED 239.99 41.13 
6F4 240.000 26.09 
6F5 240.002 26.09 
6F6 239.978 26.09 
SELECTED 239.99 26.09 
1G10 254.971 118.43 
1G11 254.968 118.43 
1G12 254.973 118.43 
SELECTED 254.97 118.43 
2G6 254.971 101.20 
2G7 254.975 101.20 
2G8 254.979 101.20 
2G9 254.983 101.20 
SELECTED 254.98 101.20 
3G4 254.968 80.32 
3G5 254.976 80.32 
3G6 254.978 80.32 
SELECTED 254.97 80.32 
4G4 254.984 60.65 
4G5 254.979 60.65 
4G6 254.988 60.65 
SELECTED 254.98 60.65 
5G5 254.976 41.66 
5G6 254.975 41.66 
5G7 254.976 41.66 
5G8 254.971- 41.66 
SELECTED 254.98 41.66 
6G5 254.974 25.27 
6G6 254.975 25.27 
6G7 254.971 25.27 
6G8 254.970 25.27 
SELECTED 254.97 25.27 
Poi loo y1 (/> 
atm mole percent  
1.8523 4.932 1.095 
1.8529 4.929 1.095 
1.8530 4.936 1.096 
1.8533 4.935 1.095 
1.095 
1.8535 7 .605 1.070 
1.8536 7 .601 1.070 
1.8519 7 . 6 0 3 1.071 
1.070 
3.2222 3.103 1.140 
3.2219 3.117 1.146 
3.2225 3 .121 1.147 
1.144 
3 .2222 3.647 1.145 
3.2227 3 .644 1.144 
3 .2231 3 .640 1.143 
3.2236 3 .645 1.144 
1.144 
3.2219 4 . 5 6 8 1.139 
3.2228 4 ,567 1.138 
3.2230 4 . 5 7 2 1.139 
1.139 
3.2237 5 . 9 8 1 1.125 
3 .2231 5 . 9 8 1 1.125 
3 .2241 5.980 1.125 
1.125 
3.2228 8 .565 1.107 
3.2227 8 . 5 7 1 1.108 
3.2228 8 .574 1.108 
3 .2222 8 .588 1.110 
1.108 
3.2226 13 .85 1.086 
3.2227 13 .84 1.085 
3 .2222 1 3 . 8 1 1 .083 
3 .2221 1 3 . 8 3 1.085 
1.085 
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Table 26. Experimental Values of Equilibrium Liquid Phase 
Compositions in the Helium-Propylene System 
Sample T P 100 x 2 
No . K atm mole percent 
1A1 174.986 118.83 0.4259 
1A2 174.986 118.83 0.4309 
SELECTED 174.99 118.83 0.4284 
2A1 175.000 118.62 0.4241 
2A2 175.000 118.62 0.4233 
SELECTED 175.00 118.62 0.4238 
4A1 174.997 100.39 0.3646 
4A2 174.997 100.39 0.3681 
SELECTED 175.00 100.39 0.3664 
5A1 174.999 80.38 0.2905 
5A2 174.999 80.38 0.2930 
SELECTED 175.00 80.38 0.2918 
6A1 175.007 60.04 0.2323 
6A2 175.007 60.04 0.2326 
SELECTED 175.01 60.04 0.2325 
7A1 175.013 42.21 0.1611 
7A2 175.013 42.21 0.1619 
SELECTED 175.01 42.21 0.1615 
8A1 174.999 22.81 0.0877 
8A2 174.999 22.81 0.0874 
SELECTED 175.00 22.81 0.0876 
1B1 187.503 117.40 0.5979 
1B2 187.503 117.40 0.5952 
1B3 187.505 117.40 0.5952 
SELECTED 187.50 117.40 0.5961 
2B1 187.499 99.16 0.5014 
2B2 187.499 99.16 0.5018 
2B3 187.488 99.16 0.5049 
SELECTED 187.50 99.16 0.5027 
3B1 187.502 83.51 0.4311 
3B2 187.502 83.51 0.4323 
SELECTED 187.50 83.51 0.4317 
Table 26. (Continued) 
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Sample T P 100 x̂ , 
No . K atm mole percent 
4B1 187.494 59.97 0.3121 
^B2 187.494 59.97 0.3132 
4B3 187.499 59.97 0.3113 
SELECTED 187.50 59.97 0.3122 
5B1 187.494 41.33 0.2227 
5B2 187.494 41.33 0.2222 
5B3 187.494 41.33 0.2246 
SELECTED 187.49 41.33 0.2232 
6B1 187.517 23.10 0.1219 
6B2 187.517 23.10 0.1216 
6B3 187.521 23.10 0.1231 
SELECTED 187.52 23.10 0.1222 
1C1 200.014 118.42 0.8157 
1C2 200.014 118.42 0.8196 
1C3 200.015 11.8.42 0.8133 
SELECTED 200.01 118.42 0.8162 
2C1 200.008 99.50 0.6831 
2C2 200.008 99.50 0.6863 
2C3 199.995 99.50 0.6881 
SELECTED 200.00 99.50 0.6858 
3C1 199.999 80.79 0.5577 
3C2 199.999 80.79 0.5615 
3C3 199.999 80.79 0.5556 
SELECTED 200.00 80.79 0.5583 
4C1 200.008 60.24 0.4296 
4C2 200.008 60.24 0.4328 
4C3 200.014 60.24 0.4305 
SELECTED 200.01 60.24 0.4310 
5C1 • 199.998 41.67 0.2971 
5C2 199.998 41.67 0.2958 
5C3 199.997 41.67 0.2952 
SELECTED 200.00 41.67 0.2960 
6C1 200.001 23.03 0.1671 
6C2 200.001 23.03 0.1697 
6C3 199.987 23.03 0.1708 
SELECTED 200.00 23.03 0.1692 
Table 26. (Continued) 
202 
Sample T P 100 Xg 
No . K atm mole percent 
1D1 212.499 118.22 1.039 
1D2 212.499 118.22 1.045 
1D3 212.497 118.22 1.051 
1D4 212.497 118.22 1.051 
SELECTED 212.50 118.22 1.047 
2D1 212.499 100.46 0.9213 
2D3 212.499 100.46 0.9238 
2D4 212.504 100.46 0.9198 
SELECTED 212.50 100.46 0.9216 
3D1 212.482 80.59 0.7458 
3D2 212.482 80.59 0.7465 
3D3 212.485 80.59 0.7438 
SELECTED 212.48 80.59 0.7454 
4D1 212.490 60.24 0.5559 
4D2 212.490 60.24 0.5568 
4D3 212.493 60.24 0.5552 
SELECTED 212.49 60.24 0.5560 
5D1 212.485 41.05 0.3844 
5D2 212.485 41.05 0.3859 
5D3 212.473 41.05 0.3870 
SELECTED 212.48 41.05 0.3858 
6D1 212.473 23.45 0.2228 
6D2 212.473 23.45 0.2263 
6D3 212.465 23.45 0.2260 
SELECTED 212.47 23.45 0.2250 
1E1 224.995 118.69 1.370 
1E2 224.995 118.69 1.358 
1E3 224.999 118.69 1.368 
SELECTED 225.00 118.69 1.365 
2E1 224.986 100.86 1.164 
2E2 224.986 100.86 1.162 
2E3 224.982 100.86 1.170 
SELECTED 224.98 100.86 1.165 
3E1 224.998 81.40 0.9753 
3E2 224.998 81.40 0.9746 
3E3 224.988 81.40 0.9789 
SELECTED 224.99 81.40 0.9763 
Table 26. (Continued) 
Sample T P 100 x a 
No . K atm mole percent 
4E1 224.988 60.45 0.7254 
4E2 224.988 60.45 0.7265 
4E3 224.982 60.45 0.7291 
SELECTED 224.99 60.45 0.7270 
5E1 224.995 40.98 0.4799 
5E2 224.995 40.98 0.4806 
5E3 224.992 40.98 0.4818 
SELECTED 224.99 40.98 0.4808 
6E1 224.994 25.47 0.2932 
6E2 224.994 25.47 0.2975 
SELECTED 224.99 25.47 0.2954 
1F1 239.984 119.92 1.836 
1F2 239.984 119.92 1.840 
1F3 239.986 119.92 1.839 
SELECTED 239.98 119.92 1.838 
2F1 239.988 100.86 1.538 
2F2 239.988 1.00.86 1.541 
2F3 239.983 100.86 1.540 
SELECTED 239.99 100.86 1.540 
3F1 239.983 80.59 1.232 
3F2 239.983 80.59 1.233 
3F3 239.990 80.59 1.232 
SELECTED 239.99 80.59 1.232 
4F1 239.989 60.25 0.9507 
4F2 239.939 60.25 0.9531 
4F3 239.973 60.25 0.9501 
SELECTED 239.98 60.25 0.9513 
5F1 239.982 41.13 0.6291 
5F2 • 239.982 41.13 0.6315 
5F3 239.991 41.13 0.6339 
SELECTED 239.99 41.13 0.6315 
6F1 239.982 26.09 0.3910 
6F2 239.982 26.09 0.3911 
6F3 239.991 26.09 0.3876 
SELECTED 239.99 26.09 0.3900 
Table 26. (Concluded) 
Sample T P 100 x 2 
No . K atm mole percent 
1G1 254.972 118.43 2.251 
1G2 254.972 118.43 2.256 
1G3 254.974 118.43 2.267 
1G4 254.974 118.43 2.260 
SELECTED 254.97 118.43 2.259 
2G1 254.981 101.20 2.004 
2G2 254.981 101.20 2.016 
SELECTED 254.98 101.20 2.010 
3G1 254.962 80.32 1.594 
3G2 254.962 80.32 1.600 
3G3 254.977 80.32 1.595 
SELECTED 254.97 80.32 1.596 
4G1 254.979 60.65 1.182 
4G2 254.979 60.65 1.179 
4G3 254.992 60.65 1.184 
SELECTED 254.98 60.65 1.182 
5G1 254.975 41.66 0.8148 
5G2 254.975 41.66 0.8189 
5G3 254.971 41.66 0.8253 
SELECTED 254.97 41.66 0.8197 
6G1 254.969 25.27 0.4631 
6G2 254.969 25.27 0.4671 
SELECTED 254.97 25.27 0.4651 
APPENDIX F 
SELECTION OF PHYSICAL PROPERTY DATA 
The calculation of theoretical enhancement factors and the 
extraction of B l 2, Henry's law constant, and partial molar volume from 
binary phase equilibrium data requires a large amount: of physical pro-
perty data for the pure components. 
The data required for these calculations are: 
(1) The Lennard-Jones (6-12) classical and the Kihara (6-12) 
core model potential parameters for second virial coefficients. 
(2) Third virial coefficient data. 
(3) Benedict-Webb-Rubin parameters. 
(4) Vapor pressure data. 
(5) Saturated molar volume and isothermal compressibility data 
for the condensed phase. This collection of data for each compound 
represents the best available values found in the literature. 
Two very good summaries of available second and third virial 
24 32 
coefficient data are given by David and Hamann and Dymond and Smith. 
Kihara parameters generally fitted the second virial coefficient data 
very well, but the Lennard-Jones parameters seemed to be generally some-
what less satisfactory. In several cases where the Lennard-Jones fit 
was very poor, a least squares program, written by Mullins, was used 
to determine new parameters. The Lennard-Jones and Kihara parameters 
selected are presented in Table 27. 
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Table 27. Intermolecular Potential Parameters and BWR Parameters 
P a r a m e t e r He C 2 H 4 C 2 H 6 C3H6 C3H8 
LJCL 
( 6 - 1 2 ) 






194 .14 167 




b Q , cc/gm 22 .9 227 .06 179.42 425 14 379.4 
mole 






(122) (122) (164) (122) (This Work) 
U /k, K 9.927 383.00 453.00 475.00 506.00 
o 
2.921 2.950 2.840 3.439 3.310 
0.0 8.800 10.17 10.51 12.75 
0.0 3.480 5.770 5.260 7.75 
0.0 0.0 0.6530 0.0 0.0 
M 4.0026 28.0549 30.0708 42.0823 44.0983 
46 4 4 4 4 
BWR He C0H. C0H, C.H, CQHQ 
7—: . —-— -, 2 4 2 6 3 6 3 8 
liter-atm-K-gm mole 
A 1.308895 (-2)* 3.33958 4.15556 6.11220 6.87225 
o 
B 1.226171 (-2) 5.56833 (-2) 6.27724 (-2) 8.50647 (-2) 9.73130 (-2) 
C 4.802198 1.31140 (5) 1.79592 (5) 4.39182 (5) 5.08256 (5) 
a 5.759319 (-4) 2.59000 (-1) 3.45160 (-1) 7.74056 (-1) 9.47700 (-1) 
b 3.352402 (-4) 8.6000 (-3) 1.11220 (-2) 1.87059 (-2) 2.25000 (-2) 
c 2.440703 (-1) 2.1120 (4) 3.27670 (4) 1.02611 (5) 1.29000 (5) 
a 2.592255 (-5) 1.78000 (-4) 2.43389 (-4) 4.55696 (-4) 6.07175 (-4) 
Y ** 9.23000 (-3) 1.1800 (-2) 1.82900 (-2) 2.20000 (-2) 
-L. 
jjNumber in parentheses indicates powers of 10. 
Value of y is a function of temperature = 3.850179 x 10 3 - 2.332414 x 
10"5 (T) - 7.228731 x 10-8 (T2) + 6.765171 x 10"10 (T3). 
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The problems involved in predicting the third virial coefficient 
have been discussed in Chapter IV. In the theoretical prediction of the 
enhancement factor, using Equation (IV-17), the Lennard-Jones (6-12) 
model and the method of Chueh and Prausnitz were used to predict the 
third virial coefficients. The Lennard-Jones parameters used were those 
presented in Table 27, and Table 28 gives the parameters needed by the 
method of Chueh and Prausnitz. For the fugacity and B-2 calculations, 
the method of Chueh and Prausnitz was used. Chueh and Prausnitz state 
that their method should not be used for calculating Ci;Ll below T < 
0.80. This suggestion was followed throughout this work, as Figures 51, 
53, 55, and 57 indicate. 
The hydrocarbon BWR parameters used in the calculation of the 
theoretical enhancement factor were taken from the paper of Benedict, et 
4 46 
al. The parameters for helium were taken from the thesis of Heck. 
Heck presents two sets of helium parameters. One set of parameters was 
determined in his thesis by fitting 423 data points from the data-smoothing 
89 
calculations of Mann. This set of parameters contained two negative 
34 
values, and by using the method of Eubanks, one is able to change these 
signs to positive. The second set of helium parameters presented in his 
46 
thesis was obtained by Heck from private communications with R. N. 
Herring (1966). This set contained a value of y that was temperature de-
pendent. No information was available as to how these parameters were 
obtained, but they were shown by Heck to calculate the P-V-T data of 
helium down to 50 K within about one percent. This latter set of helium 
parameters was shown by Heck to give the best prediction of enhancement 
208 
Table 28. Input Parameters for the Calculation of Third Virial 
Coefficients Using the Method of Chueh and Prausnitz 
Component T V dT dis M1S 
K cc/gm mole 
Helium 1 0 . 4 7 ( 1 6 ) 3 7 . 5 ( 1 6 ) o . o ( 1 6 ) 
Argon 151 .2< 7 9 > 75 .2< 7 9 > 0 . 0 < X 6 > 0 .0 7.276 
Oxygen 1 5 4 . 8 ( 7 9 ) 7 8 . 0 ( 7 9 ) o.o'v 0 .0 7 .115 
N i t r o g e n 1 2 6 . 2 ( 7 9 ) 9 0 . 1 ( 7 9 ) o . o ( 1 6 ) 0 .0 7 .005 
Carbon D i o x i d e 3 0 4 . 2 ( 7 9 ) 9 4 . 0 ( 7 9 ) 3 .00< 1 6 > 1.50 7 .338 
Methane 1 9 1 . 1 ( 7 9 ) 9 9 . 0 ( 7 9 ) 0 . 5 0 * 0 .25 6 .408 
E thane 305 .5< 2 4 > 148<2 4> 1 . 2 0 .60 7 .066 
E t h y l e n e 2 8 2 . 4 ^ 2 4 ) 1 2 9 ( 2 4 ) 
it 
1.40 0 .70 7 .006 
Propane 3 7 0 . 0 ( 2 4 > 200 <24> 
i< 
1.60 0 .80 7.339 
P r o p y l e n e 365 .0< 2 4 > 1 8 1 ( 2 4 ) 1.80* 0 .90 7 .311 
These values were estimated by plotting third virial coefficient data 
from David and Hamann on the reduced curve presented by Chueh and 
Prausnitz. 
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factors. For this reason, this set of parameters was used in this work. 
Using Equations (IV-85) and (IV-86), it was possible to calculate the 
second and third virial coefficients from the BWR equation, Equation (IV-
72). These predicted values for B11 , B12 , R32 , C1!L1 , and C22g are pre-
sented in Figures 10, 11, 12, and 13, and in this appendix. All of these 
BWR parameters are presented in Table 27. 
The vapor pressure data used in this work were generally pre-
sented in the form of an equation. In these cases, the experimental data 
used in the fit and any additional experimental data were plotted to check 
the equation's validity. Vapor pressure data on the hydrocarbons are 
usually quite old and cover a limited range of temperature. Attempts 
have been made to put these data on a uniform temperature scale, but 
usually with very little success. 
Saturated molar volume data were available in the literature for 
all the hydrocarbons studied. These data were collected for each compo-
nent and the best curve was drawn through these data. P-v-T data for the 
compressed liquid are extremely scarce for hydrocarbons. Methane is the 
only hydrocarbon which has been studied over a wide range of temperature 
46 
and pressure. A curve presented in the thesis of Heck appears to be 
one of the best methods presently available for estimation of the coeffi-
cient of isothermal compressibility, (3 . This curve has been reproduced 
and is presented in Figure 47. The average compressibility £_ has been 
defined in Equation (IV-10). Experimental values for methane were used 
46 
by Heck in the construction of Figure 47. Limited compressibility data 
_ - . . n 66 , n 36 .. 1 ,. , . 
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Figure 47. Generalized f3„ versus Reduced Temperature 
19 
for hydrocarbons. A recent paper by Chueh and Prausnitz describes an 
alternate method of calculating the isothermal compressibility. The 
46 
method of Heck has been used in this work. 
Helium 
Since helium is the noncondensible component in this work, the 
only data required are a description of the P-V-T data for the gas phase. 
Mullins has presented a good summary of the available second virial 
coefficient experimental data for helium. The Lennard-Jones parameters 
were determined by Mullins using a least square procedure on the data of 
1 6 1 1 99 
White, et al. Prausnitz and Myers have determined the Kihara core 
parameters which include the first two translational quantum corrections. 
Both of these sets of parameters have been shown by Figure 48 to fit the 
experimental data of Keeson, White, et al., Canfield, et al., and 
58 
Hoover, et al. The third virial coefficient of helium has been mea-
f\R 1 f> 1 1 "? 
sured by Keesom, White, et al., Canfield, et al., " and Hoover, et 
CO 
al. Figure 49 shows the experimental third virial coefficient curve 
that was used in most of this work. In the theoretical prediction of the 
enhancement factors, the third virial coefficients of helium predicted by 
the various theoretical models are shown in Figure 49. 
Ethylene 
The second virial coefficient data of ethylene have been measured 
10 35 99 
by Butcher and Dadson, Eucken and Parts, Michels and Geldermans, 
i o A o 1 o n 
Roper, Lambert, et al., and Crommelin and Watts. In Figure 50 a 
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Figure 50. Second Virial Coefficient of Ethylene. 
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and values calculated from the Lermard-Jones, Kihara, and BWR models. 
The Lennard-Jones parameters are those obtained by Ziegler, et al. 
using a least squares program, and the Kihara parameters are from Praus-
122 
nitz and Myers. The BWR equation predicts second virial coefficients 
that are in good agreement with experiment. 
Experimental and theoretically calculated values of the third 
virial coefficient of ethylene are presented in Figure 51. Although no 
experimental data were available in the experimental temperature range 
99 
of this work, the data of Michels and Geldermans and Butcher and Dad-
son are presented. The theoretical models LJCL, method of Chueh and 
Prausnitz, and BWR predict a variety of values for C11:L • Figure 51 tends 
to verify that none of the theoretical models satisfactorily represents 
the experimental values. 
A critical survey of existing ethylene vapor pressure data below 
one atmosphere has been made by Ziegler, et al. Below one atmosphere, 
the vapor pressure calculated by Ziegler, et al. has been selected, 
and above one atmosphere the experimental measurements of Michels and 
Wassenaar have been chosen. In the region of overlap, the two sets of 
vapor pressure agree within 0.03 K. Values of the vapor pressure below 
one atmosphere were interpolated directly from the table of values given 
by Ziegler (one degree intervals). Michels and Wassenaar have presented 
a fit to their experimental values using the method of least squares. 
Their equation covers a pressure range of 0.2569 to 47.6481 atmospheres 
and is given as 
log P (atm) = - 1243T'
766 - 11.213927 x log T + 0.01102331 (F-l) 
(Continued) 
• Michels and Geldermans 
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Figure 51. Third Virial Coefficient of Ethylene. 
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X T + 30.470741 
Both Ziegler, et al. and Michels and Wassenaar used the same ice 
point, 273.15 K, in presenting their data. However, no attempt was made 
to correct the temperature scales used by these investigators to the 1968 
scale, since it was not clear on which scale these measurements had been 
made. The vapor pressures used in this work are presented in Table 29. 
The saturated liquid density of ethylene has been experimantally 
measured over the temperature range investigated in this work. The data 
no R 7 Rft 
of Mathias, et al., Maass and Wright, and Maass and Mcintosh have 
been smoothed and selected values are given in Table 29. Below the 
triple point, 103.97 K, the molar volume values used were those given 
by Ziegler, et al. Values of the isothermal compressibility, (3 , were 
read from Figure 47, using the critical temperature of ethylene from Table 
28. Values of the isothermal compressibility are presented in Table 29. 
Ethane 
The second virial coefficient data of ethane have been measured by 
Eucken and Parts, Michels, et al., Hamann and McManamey, Lambert, 
o i i oo 
et al., and Rigby, et al. The comparison between these experiment-
ally measured second virial coefficients and those predicted by various 
theoretical models is shown in Figure 52. The Lennard-Jones parameters 
used in this work are those obtained by Tee, et al. The Kihara param-
122 
eters were essentially those determined by Prausnitz and Myers, but 
the value of U /K has been adjusted by Ziegler, et al. The BWR coeffi-
cients predict second virial coefficients that are also shown in Figure 
52. These parameters are presented in Table 27. 
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91 .00 4 . 7 7 ( - 5 ) * 3 .881 (-2) 
95 .00 1.43 ( -4) 3.897 ( -2) 





112.00 4 . 4 4 2 i : -3) 4 . 3 8 2 (-2) 
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Figure 52. Second Virial Coefficient of Ethane. 
Experimental third virial coefficient data for ethane have been 
presented by Hoover, et al., Michels, et al., and David, et al., 
125 
who used the data of Reamer, et al. These data include some negative 
experimental values of C x x x. The three theoretical models, LJCL, method 
of Chueh and Prausnitz, and BWR, are shown together with these experi-
mental values in Figure 53. For T ^ 260 or T S 0.80, the method of 
& Ri 
Chueh and Prausnitz gives the best fit of the data. Below this tempera-
ture only the LJCL model has the correct qualitative shape. 
164 
Ziegler, et al. have calculated the vapor pressure of ethane 
below one atmosphere, and they have made a critical comparison of the 
164 
available experimental data. The work of Ziegler, et al. has been 
selected as the best data below one atmosphere, pressure. From the normal 
121 
boiling point, 184.92 K, to 275.0 K, the equation of Prausnitz, et al. 
was used. This equation is presented as follows 
In P (atm) = 28.495183 - 2 4 3 7; 7 2 3 7 _ 0.012916937 X T (F-2) 
+ 0.000025913 X T 2 - 2.64150 X In T 
At the highest temperature, 290 K, used in this work, the vapor pressure 
29 
value was taken directly from Din, since no equation was found in this 
range. The above equation and the data of Din agree to within one-fourth 
percent at all points checked. Values of the vapor pressure used in this 
work are presented in Table 30. 
Values of the saturated molar volume of liquid ethane were taken 
135 29 
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Figure 53. Third Virial Coefficient of Ethane. 
Table 30. Physical Properties of Liquid Ethane 
T,K P01 v^ PT 
atm l/gm mole atm 
95 .00 3 .487 ( -5 ) 
102 .00 1.618 ( -4) 
112 .00 1.009 ( -3 ) 
122 .00 4 . 5 3 0 ( -3 ) 
130 .00 1.254 ( -2) 
150 .00 9 .463 ( -2 ) 
170 .00 4 . 2 2 3 ( -1) 
200 .00 2 .153 
230 .00 6 .919 
260 .00 16 .89 
290 .00 34 .65 
4 .620 ( -2) 6 . 1 ( -5 ) 
4 .677 ( -2) 6 .5 ( -5) 
4 .759 ( -2) 7 .0 ( -5 ) 
4 .846 ( -2) 7 .5 ( -5) 
4 .915 ( -2) 8 .0 ( -5) 
5 .102 ( -2) 1.05 ( -4 ) 
5 .349 ( -2) 1.30 ( -4 ) 
5 .683 ( -2) 2 .20 ( -4) 
6 .140 ( -2) 3 .70 ( -4) 
6 .831 ( -2) 6 .30 ( -4 ) 
8.249 (-2) 1.30 ( -3 ) 
Number in parentheses indicates powers of 10. 
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pressibility values were taken from Figure 47. Both of these results 
used in this work are presented in Table 30. 
Propylene 
The second virial coefficient data of propylene have been measured 
1 Q/ ^XCx 1 C\D 
by Roper, Farrington and Sage, Michels, et al., and McGlashan and 
97 
Wormald. To obtain estimations of virial coefficients at temperatures 
97 
below 223 K, the empirical equation developed by McGlashan and Wormald 
for propylene has been used. The Lennard-Jones (6-12.) least squares pro-
gram written by Mullins was used to obtain suitable molecular parameters. 
102 97 
The data of Michels, et al. and McGlashan and Wormald were fitted 
over the temperature range of 298.15 to 355.38 K. Kihara parameters pre-
122 
sented by Prausnitz and Myers represented the available data very well. 
The BWR coefficients for pure propylene appeared to predict values of the 
second virial coefficient that were too low. The experimental and theo-
retical values of B11 have been presented in Figure 54. These various 
parameters are presented in Table 27. 
Third virial coefficient data of propylene have been determined 
by Farrington and Sage and Marcham, et al. The theoretical models 
are shown together with these experimental data in Figure 55. The LJCL 
and BWR models predict values of Cxxx that are too high. The method of 
Chueh and Prausnitz is defined as zero in this temperature range. 
A survey of the available vapor pressure data of propylene indicated 
that there was a sizable amount of data available in the pressure range of 
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Figure 55. Third Virial Coefficient of Propylene 
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Rossini, et al. was used in this work. This equation is given as 
follows 
log P (mm Hg) = 6.81960 - t(B
7
(f)
5 ^ \ ^ (F-3) 
This equation was obtained by least squaring the experimental data refer-
enced in their work. Experimental data by Powell and Giauque, , Lu, et 
al., and Tickner and Lossing, which were not used in the API fit, 
were shown to agree very well with the above equation. 
The density of saturated liquid propylene has been measured by 
Maass and Wright, Lu, et al., and the Technical Committee Natural 
154 
Gasoline Association of America. At low temperatures, several values 
of density were estimated using the generalized charts of Hougen, et al. 
These estimated values covered a 25 K temperature range and the overlap 
region agreed with the experimental data. 
Using the definition of average compressibility, B Equation (IV-
10), it was possible to estimate several values of 8, for propylene using 
o c 
the limited data of Farrington and Sage. Three points were calculated, 
o 
over the temperature range of 4.4 to 87.7 C, using P as 120 atmospheres, 
and these results agreed very well with Figure 47. 
The values of vapor pressure, molar volume, and isothermal compres-
sibility used in this work are all presented in Table 31. 
Propane 
Until about 10 years ago, P-V-T data for propane were quite scarce. 
Table 31. Physical Properties of Liquid Propylene 
T,K P01 
atm 
175.00 4.6240 (-2) 
187.49 1.1838 (-1) 
200.00 2.6509 (-1) 
212.49 5.3218 (-1) 




j£/gm mole atm 
6 .307 ( - 2 ) 1.10 ( -4 ) 
6 .425 ( -2) 1.15 ( -4 ) 
6 .554 ( -2 ) 1.35 ( -4 ) 
6 .704 ( -2 ) 1.65 ( -4 ) 
6 .869 ( -2) 1.90 ( -4 ) 
7 .094 ( -2) 2 .20 ( -4 ) 
7 .350 ( -2 ) 2 .70 ( -4 ) 
Number in parentheses indicates powers of 10. 
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The virial coefficients used in this work were taken from Schafer and 
Kappallo, Dawson and McKetta, McGlashan and Potter, and Hirsch-
felder, et al. O'Connell and Prausnitz have determined a set of 
Lennard-Jones parameters which agree fairly well with the experimental 
data. Due to a shortage of experimental virial coefficient data, the 
122 
Kihara parameters given by Prausnitz and Myers for propane have been 
obtained using the Pitzer-Curl empirical equation. In this work their 
value of U /K was changed to 506 and a much better fit to the more recent 
o 
experimental data was obtained. Figure 56 shows the agreement between 
the various theoretical models and the experimental data. These various 
parameters are presented in Table 27. 
The only experimental third virial coefficient data come from 
1 ?fi 
Reamer, et al. Their values show a maximum and a value of C11:L = 0.0 
at higher temperatures than other hydrocarbons. The values predicted 
theoretically using the LJCL, method of Chueh and Prausnitz, and BWR 
models are shown together with these experimental data in Figure 57. The 
LJCL and BWR models again show values of C 1 X 1 that are much higher than 
experiment. 
The .available vapor pressure data for propane were smoothed by 
13 
Canjar and Manning using the Antoine equation. The following form of 
the equation was obtained 
o i o on 
log P (atm) = 3.94872 - T ( K) _ 25 16 + r (F-4) 
for T ^ 250 K r = 0 
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Figure 56. Second Virial Coefficient of Propane. 
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Figure 57. Third Virial Coefficient of Propane. 
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This equation was used over the range -75 to 75 C, and it compared quite 
135 
well with the equation given by the API project 44. Values of the 
vapor pressure used in this work are presented in Table 32. 
The saturated liquid density of propane has been measured over the 
temperature range of interest. The data were taken from Technical Com-
mittee Natural Gasoline Association of America, Maass and Wright, 
149 
and Stearn and George. These experimental data were smoothed, and 
the values used in this work are presented in Table 32. 
Isothermal compressibility data for propane were not found over 
the entire range of interest. A recent paper by Kahre and Livingston 
is the only work of any significance. Their work covered the temperature 
o 
range of -40 to 76.6 C and pressures up to 1,400 psia. These values of 
3 calculated from this paper are shown in Figure 47, and the results 
compare very favorably with the selected curve of Heck given in Figure 
47. The values used in this work are presented in Table 32. 
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Table 32. Physical Properties of Liquid Propane 
T,K P01 v° 3T 
atm X/gm mole atm 
198.15 1.770 (-1) 






7.114 ( -2) 
7 .452 ( -2) 
7 .844 ( -2 ) 
8 .319 ( -2) 
8 .934 ( -2) 
9 .769 ( -2 ) 








Number in parentheses indicates powers of 10. 
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APPENDIX G 
SUMMARY OF SMOOTHED EXPERIMENTAL AND THEORETICAL ENHANCEMENT 
FACTORS, AND SMOOTHED EXPERIMENTAL SOLUBILITY OF HELIUM 
In this appendix the smoothed experimental enhancement factors and 
liquid phase compositions of the helium-ethane, -ethylene, -propane, and 
-propylene systems are presented. The data shown here, represent all the 
available experimental data for these systems. These data have been 
smoothed graphically. 
The theoretically predicted enhancement factors are also shown for 
these four helium systems. The models used to predict the enhancement 
factor were the Lennard-Jones (6-12) classical, LJCL; the Kihara core 
model, KIH; the Kihara core model with the K12 factor calculated from the 
53 
correlation of Hiza and Duncan, KIHCK12; the Kihara core model using 
the experimentally determined K12 factor, KIHEK12; and finally the BWR 
equation using the linear average for the calculation of (B \ 2 > BWR(LINEAR). 
These various models are explained in more detail in Chapter IV, and some 
of these results are shown graphically in Chapter VI. The physical 
property data required for these calculations are those presented in 
Tables 27, 28, 29, 30, 31, and 32. The values of K12 calculated and ex-
perimental are presented in Table 7. 
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Table 33. Smoothed Experimental and Theoretical Enhancement Factors 
of Ethane in Helium, and the Smoothed Experimental Solubility 
of Helium in Liquid Ethane 
p * 0 0 4 0 4 100 x 2 
a t m EXP LJCL KIH KIHCK12 KIHEK12 BWR 
95 . 00 K ( H i z a an d Dun c an 5 3 ) 
10 1 . 2 0 8 1 . 1 3 2 1 . 1 4 5 1 . 0 5 5 1 . 0 3 9 1 . 0 8 8 o . o a 
20 1 . 3 2 6 1 . 2 7 5 1 . 3 0 3 1 . 1 1 1 1 . 0 7 8 1 . 1 8 3 0 . 0 
30 1 . 4 2 3 1 . 4 2 7 1 . 4 7 7 1 . 1 6 6 1 . 1 1 6 1 . 2 8 3 0 . 0 
40 1 . 5 0 6 1 . 5 8 9 1 . 6 6 5 1 . 2 2 2 1 . 1 5 3 1 . 3 8 3 0 . 0 
50 1 . 5 8 5 1 . 7 6 1 1 . 8 6 8 1 . 2 7 9 1 . 1 9 0 1 . 4 9 5 0 . 0 
102 . 00 K ( H i z a a n d Duncan 5 3 > 
20 1 . 2 3 2 1 . 2 2 2 1 . 2 5 3 1 . 0 9 4 1 . 0 6 6 1 . 1 4 7 o . o a 
40 1 . 4 3 2 1 . 4 6 7 1 . 5 4 4 1 .187 1 . 1 3 0 1 . 3 0 4 0 . 0 
60 1 . 5 8 9 1 . 7 3 4 1 . 8 7 6 1 . 2 8 1 1 . 1 9 2 1 . 4 7 0 0 . 0 
80 1 . 7 4 3 2 . 0 2 2 2 . 2 5 1 1 . 3 7 5 1 . 2 5 3 1 . 6 4 5 0 . 0 
100 1 . 8 8 8 2 . 3 9 2 2 . 6 7 0 1 . 4 6 9 1 . 3 1 2 1 . 8 2 9 0 . 0 
120 2 . 0 2 5 2 . 6 5 7 3 . 1 3 6 1 . 5 6 5 1 . 3 7 2 2 . 0 2 2 0 . 0 
140 2 . 1 5 9 3 . 0 0 2 3 . 6 5 2 1 . 6 6 1 1 . 4 3 1 2 . 2 2 3 0 . 0 
112 00 K ( H i z a an d Dun c an " > 
20 1 . 1 5 5 1 . 1 6 8 1 . 2 0 0 1 . 0 7 6 1 . 0 5 4 1 . 1 1 2 o . o a 
40 1 . 2 9 3 1 . 3 4 6 1 . 4 2 3 1 . 1 5 1 1 . 1 0 5 1 . 2 2 7 0 . 0 
60 1 . 4 2 0 1 . 5 3 3 1 . 6 7 0 1 . 2 2 5 1 . 1 5 5 1 . 3 4 6 0 . 0 
80 1 . 5 4 2 1 . 7 2 8 1 . 9 4 0 1 . 2 9 9 1 . 2 0 4 1 . 4 6 9 0 . 0 
100 1 . 6 5 8 1 . 9 3 0 2 . 2 3 6 1 . 3 7 3 1 . 2 5 2 1 . 5 9 6 0 . 0 
120 1 . 7 7 1 2 . 1 3 9 2 . 5 5 7 1 . 4 4 7 1 . 3 0 0 1 . 7 2 6 0 . 0 
140 1 . 8 8 0 2 . 3 5 3 2 . 9 0 5 1 . 5 2 2 1 . 3 4 7 1 . 8 5 9 0 . 0 
122 00 K ( H i z a a n d Duncan " ) 
20 1 . 0 9 3 1 . 1 3 1 1 . 1 6 4 1 . 0 6 3 1 . 0 4 5 1 . 0 8 8 o . o a 
40 1 . 1 8 3 1 . 2 6 5 1 . 3 4 1 1 . 1 2 5 1 . 0 8 8 1 . 1 7 7 0 . 0 
60 1 . 2 7 2 1 . 4 0 2 1 . 5 3 2 1 . 1 8 6 1 . 1 3 0 1 . 2 6 7 0 . 0 
80 1 . 3 6 1 1 . 5 4 1 1 . 7 3 9 1 .247 1 . 1 7 1 1 . 3 5 9 0 . 0 
100 1 . 4 4 7 1 . 6 8 3 1 . 9 6 0 1 . 3 0 7 1 . 2 1 1 1 . 4 5 2 0 . 0 
120 1 . 5 3 2 1 . 8 2 5 2 . 1 9 6 1 .367 1 . 2 5 1 1 . 5 4 6 0 . 0 
140 1 . 6 1 3 1 . 9 6 9 2 . 4 4 8 1 . 4 2 8 1 . 2 9 0 1 . 6 4 1 0 . 0 
Table 33. (Continued) 
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p 0 0 0 0 i 0 100 x2 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR 
130 .00 K (Hiza and Duncan 5 3 > 
20 1.075 1.109 1.142 1.056 1.041 1.075 0 . 0 2 5 b 
40 1.145 1.217 1.292 1.109 1.078 1.148 0 .055 
60 1.215 1.327 1.453 1.163 1.115 1.223 0 .080 
80 1.284 1.436 1.622 1.215 1.151 1.297 0 .100 
100 1.351 1.545 1.803 1.267 1.186 1.371 0 .125 
120 1.418 1.654 1.994 1.319 1.220 1.446 0 .150 
140 1.483 1.761 2 .195 1.371 1.255 1.521 0 .175 
150 00 K (Hiza and Duncan 53 . 
20 1.027 1.075 1.109 1.048 1.037 1.058 0 . 0 6 0 b 
40 1.055 1.145 1.217 1.089 1.067 1.109 0 .120 
60 1.082 1.211 1.328 1.129 1.095 1.158 0 .190 
80 1.108 1.275 1.444 1.168 1.122 1.206 0 .290 
100 1.136 1.339 1.566 1.207 1.149 1.255 0 .310 
120 1.162 1.401 1.692 
170.00 K 
1.245 
( H e c k 4 6 ) 
1.177 1.302 0 .430 
20 1.029 1.067 1.101 1.056 1.047 1.061 0 .129 
40 1.058 1.113 1.185 1.089 1.072 1.099 0 .257 
60 1.086 1.159 1.272 1.123 1.097 1.137 0 . 3 8 1 
80 1.114 1.202 1.362 1.155 1.121 1.173 0 .509 
100 1.142 1.243 1.454 1.188 1.145 1.208 0 .637 
120 1.168 1.281 1.549 1.221 1.168 1.243 0 .757 
140 1.193 1.318 1.648 1.253 1.192 1.277 0 .870 
160 1.213 1.354 1.749 1.285 1.215 1.310 0 .980 
180 1.231 1.387 1.853 1.318 1.239 1.343 1.074 
200 1.245 1.418 1.960 
200.00 K 
1.351 
( H e c k 4 6 ) 
1.263 1.376 1.151 
20 1.067 1.087 1.119 1.090 1.085 1.087 0 .240 
40 1.099 1.120 1.191 1.123 1.111 1.120 0 .500 
60 1.122 1.148 1.261 1.153 1.135 1.149 0 . 7 6 3 
80 1.140 1.173 1.333 1.183 1.157 1.176 1.025 
100 1.156 1.196 1.407 1.210 1.179 1.201 1.275 
120 1.168 1.216 1.481 1.239 1.200 1.226 1.512 
140 1.177 1.236 1.559 1.266 1.220 1.250 1.740 
160 1.186 1.253 1.638 1.294 1.242 1.273 1.950 
180 1.193 1.269 1.720 1.322 1.264 1.295 2 .125 
236 
Table 33. (Concluded) 
p 0 0 0 0 0 0 100 x 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR 
230.00 K (Heck 4 6 ) 
20 1.130 1.125 1.144 1.131 1.128 1.127 0 .348 
40 1.185 1.177 1.242 1.197 1.188 1.187 0 . 8 5 3 
60 1.216 1.205 1.324 1.240 1.225 1.224 1.330 
80 1.239 1.225 1.404 1.278 1.257 1.253 1.783 
100 1.258 1.241 1.484 1.313 1.286 1.279 2 .222 
120 1.273 1.253 1.567 1.347 1.313 1.303 2 .645 
140 1.284 1.262 1.653 1.380 1.340 1.323 3 .055 
160 1.293 1.271 1.743 1.413 1.365 1.343 3 .452 
180 1.301 1.275 1.837 1.446 1.391 1.361 3.825 
200 1.308 1.279 1.936 




1.415 1.377 4 . 1 8 2 
20 1.047 1.052 1.051 1.050 1.050 1.049 0 .140 
40 1.218 1.227 1.252 1.231 1.228 1.225 1.030 
60 1.296 1.303 1.381 1.327 1.318 1.315 1.925 
80 1.346 1.344 1.492 1.395 1.379 1.376 2 .820 
100 1.383 1.367 1.598 1.449 1.427 1.423 3.700 
120 1.412 1.382 1.704 1.499 1.469 1.463 4 . 4 7 5 
140 1.434 1.390 1.815 1.545 1.507 1.498 5.160 
160 1.451 1.395 1.934 
290.00 K 
1.589 
(Heck 4 6 ) 
1.544 1.528 5.710 
40 1.072 c — 1.113 0 .480 
60 1.272 - - - - - - - - 1.514 2 .250 
80 1.421 - - - - - - - - 2.040 4 .035 
100 1.520 - - - - - - - - 2 .691 5.730 
120 1.583 - - - - - - - - - - 7 .230 
140 1.633 - - - - - - - - - - 8 .450 
160 1.677 - - - - 9 .430 
The composition of the liquid phase has not been experimentally deter-
mined and is assumed to be zero in these calculations. 
Values of Xg were estimated. 
The blank spaces indicate lack of convergence of theoretical 
calculations. 
Table 34. Smoothed Experimental and Theoretical Enhancement Factors 
of Ethylene in Helium, and the Smoothed Experimental 
Solubility of Helium in Liquid Ethylene 
p 0 4 i 0 0 0 100 x 2 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR 
91 .00 K (Hiza an d Dun c an 5 3 > 
10 1.100 1.113 1.138 1.037 1.027 1.084 o .o a 
20 1.173 1.229 1.289 1.074 1.053 1.176 0 .0 
30 1.238 1.349 1.452 1.110 1.079 1.272 0 .0 
40 1.296 1.471 1.628 1.146 1.103 1.368 0 .0 
50 1.348 1.596 1.817 1.180 1.127 1.473 0 . 0 
60 1.395 1.721 2.020 1.215 1.150 1.574 0 .0 
95 .00 K (Hiza and Duncan 5 3 ) 
20 1.147 1.197 1.258 1.066 1.047 1.154 o . o a 
40 1.267 1.399 1.555 1.130 1.092 1.317 0 .0 
60 1.370 1.602 1.891 1.191 1.134 1.490 0 .0 
80 1.460 1.804 2.270 1.251 1.174 1.673 0 .0 
100 1.542 2 .001 2 .692 1.309 1.212 1.865 0 .0 
120 1.617 2 .192 3.159 1.366 1.249 2 .065 0 . 0 
140 1.684 2 .374 3 .673 1.423 1.285 2 .272 0 .0 
102 .00 K (Hiza and Duncan 5 3 ) 
20 1.118 1.152 1.214 1.055 1.039 1.123 o . o a 
40 1.217 1.301 1.454 1.108 1.076 1.250 0 .0 
60 1.302 1.446 1.719 1.158 1.110 1.382 0 .0 
80 1.378 1.585 2.010 1.207 1.143 1.518 0 .0 
100 1.447 1.716 2 .328 1.255 1.174 1.659 0 .0 
120 1.510 1.838 2 .674 1.301 1.205 1.803 0 .0 
140 1.567 1.951 3.048 1.347 1.234 1.950 0 .0 
112 .00 K (Hiza and Duncan 5 3 > 
20 1.080 1.116 1.180 1.053 1.040 1.102 o . o a 
40 1.157 1.227 1.377 1.105 1.079 1.207 0 .0 
60 1.231 1.333 1.592 1.155 1.116 1.314 0 .0 
80 1.302 1.432 1.825 1.204 1.152 1.424 0 .0 
100 1.368 1.523 2 .077 1.253 1.187 1.537 0 .0 
120 1.432 1.606 2.348 1.301 1.222 1.652 0 .0 
140 1.488 1.682 2.638 1.349 1.257 1.770 0 .0 
Table 34. (Continued) 
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p 0 0 0 0 0 0 100 *e 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR 
122.00 K (Hiza 
53 
and Duncan ) 
20 1.062 1.085 1.148 1.046 1.035 1.083 o . o a 
40 1.117 1.163 1.306 1.089 1.068 1.164 0 .0 
60 1.168 1.234 1.475 1.130 1.099 1.247 0 .0 
80 1.216 1.297 1.655 1.172 1.129 1.330 0 .0 
100 1.260 1.354 1.846 1.212 1.159 1.414 0 .0 
120 1.302 1.404 2 .048 1.252 1.189 1.499 0 .0 
140 1.342 1.320 2 .263 1.293 1.219 1.584 0 .0 
130.00 K (Hiza and Duncar 5 3 , 1 ) 
20 1.065 1.068 1.130 1.042 1.033 1.073 0 . 0 3 2 b 
40 1.118 1.125 1.264 1.079 1.061 1.140 0 . 0 6 2 
60 1.164 1.177 1.40 7 1.116 1.089 1.209 0 . 0 9 3 
80 1.206 1.233 1.556 1.152 1.116 1.276 0 .122 
100 1.243 1.261 1.714 1.187 1.142 1.345 0 .151 
120 1.281 1.294 1.880 1.223 1.169 1.413 0 .178 
140 1.315 1.320 2 .054 1.257 1.195 1.482 0 . 2 0 3 
150.00 K (Hiza and Duncar P) 
20 1.038 1.047 1.106 1.044 1.037 1.064 0 . 0 6 9 b 
40 1.076 1.076 1.205 1.074 1.061 1.112 0 .139 
60 1.110 1.098 1.307 1.103 1.084 1.160 0 .206 
80 1.142 1.116 1.413 1.131 1.106 1.207 0 .270 
100 1.170 1.129 1.523 1.159 1.127 1.253 0 . 3 3 1 
120 1.193 1.138 1.637 1.187 1.149 1.298 0 .390 
140 1.211 1.143 
129 
1.754 
.98 K (Tti 
1.216 
i s Work) 
1.171 1.343 0 .442 
20 1.042 1.068 1.130 1.042 1.033 1.073 0 .032 
40 1.08-4 1.125 1.264 1.079 1.061 1.140 0 .062 
60 1.126 1.177 1.407 1.116 1.089 1.209 0 . 0 9 3 
80 1.167 1.223 1.557 1.153 1.116 1.276 0 .122 
100 1.208 1.261 1.714 1.187 1.142 1.345 0 . 1 5 1 
120 1.247 1.293 1.881 1.223 1.169 1.413 0 .178 
Table 34. (Continued) 
P 0 0 0 (/> (/) 0 100x2 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR 
150 .01 K (Th i s Work) 
20 1.036 1.047 1.106 1.044 1.037 1.064 0 .069 
40 1.060 1.076 1.205 1.074 1.061 1.112 0 .139 
60 1.080 1.098 1.307 1.103 1.084 1.160 0 .206 
80 1.096 1.116 1.413 1.131 1.106 1.207 0 .270 
100 1.109 1.129 1.523 1.159 1.127 1.253 0 . 3 3 1 
120 1.120 1.138 1.637 1.187 1.149 1.298 0 .389 
162.00 K (Th i s Work) 
20 1.044 1.048 1.105 1.053 1.048 1.069 0 .102 
40 1.067 1.064 1.191 1.081 1.070 1.111 0 .209 
60 1.082 1.078 1.279 1.107 1.091 1.151 0 .308 
80 1.094 1.086 1.370 1.133 1.111 1.191 0 .407 
100 1.102 1.091 1.465 1.159 1.132 1.231 0 . 5 0 1 
120 1.108 1.092 1.562 1.185 1.152 1.268 0 .589 
173.99 K ( T h i s Work) 
20 1.054 1.056 1.110 1.067 1.063 1.080 0 .147 
40 1.080 • 1.067 1.188 1.095 1.086 1.119 0 .297 
60 1.096 1.072 1.268 1.120 1.106 1.155 0 .445 
80 1.107 1.073 1.351 1.145 1.126 1.190 0 .591 
100 1.115 1.070 1.434 1.170 1.147 1.224 0 . 7 3 1 
120 1.120 1.065 1.522 1.195 1.166 1.257 0 .862 
188 .02 K (Th i s Work) 
20 1.071 1.077 1.122 1.090 1.086 1.102 0 .200 
40 1.103 1.082 1.199 1.120 1.112 1.142 0 .426 
60 1.121 1.081 1.274 1.147 1.135 1.176 0 .646 
80 1.133 1.075 1.350 1.173 1.156 1.209 0 .857 
100 1.142 1.066 1.430 1.197 1.176 1.240 1.061 
120 1.148 1.055 1.510 1.222 1.197 1.270 1.246 
2 0 2 . 0 1 K (Th i s Work) 
20 1.090 1.100 1.135 1.112 1.110 1.120 0 .250 
40 1.139 1.110 1.220 1.154 1.148 1.170 0 .569 
60 1.163 1.104 1.297 1.186 1.177 1.208 0 . 8 8 3 
80 1.179 1.093 1.375 1.215 1.200 1.241 1.186 
100 1.190 1.079 1.454 1.242 1.224 1.271 1.472 
120 1.198 1.062 1.536 1.270 1.247 1.300 1.739 
240 
Table 34. (Concluded) 
P 0 0 0 0 0 0 100 xg 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR 
216.04 K (This Work) 
20 1.080 1.113 1.134 1.122 1.121 1.127 0 .282 
40 1.159 1.143 1.245 1.194 1.189 1.204 0 .742 
60 1.199 1.139 1.335 1.238 1.229 1.251 1.180 
80 1.221 1.135 1.423 1.276 1.264 1.290 1.587 
100 1.237 1.122 1.513 1.312 1.294 1.325 1.954 
120 1.249 1.086 1.608 1.346 1.324 1.357 2 .250 
Condensed phase assumed to be pure ethylene. 
Liquid composition values taken from this work. 
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Table 35. Smoothed Experimental and Theoretical Enhancement Factors 
of Propane in Helium, and the Smoothed Experimental 
Solubility of Helium in Liquid Propane 
p 0 4 4 0 0 4 100 xg 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR 
198.15 K (Sch i r d l e r , e t a l 
140 
20 1.178 1.021 1.081 1.033 1.024 1.028 0 .162 
40 1.305 1.025 1.154 1.056 1.037 1.044 0 .316 
60 1.407 1.024 1.229 1.077 1.049 1.056 0 .470 
80 1.490 1.018 1.306 1.097 1.060 1.068 0 . 6 2 1 
100 1.556 1.007 1.384 1.117 1.073 1.080 0 .762 
120 1.613 0 .9929 1.465 1.138 1.084 1.090 0 .904 
140 1.665 0 .9757 1.548 1.158 1.095 1.099 1.040 
160 1.713 0 .9554 1.633 1.178 1.107 1.108 1.163 
180 1.757 0 .9327 1.720 1.198 1.118 1.117 1.282 
200 1.800 0 .9081 1.808 1.219 1.130 1.125 1.394 
223 .15 K (Sch i r d l e r , e t a l 
140 
20 1.115 1.028 1.085 1.049 1.043 1.044 0 .278 
40 1.207 1.021 1.145 1.068 1.054 1.054 0 .540 
60 1.282 1.009 1.204 1.087 1.067 1.063 0 . 7 8 3 
80 1.342 0 .9946 1.266 1.105 1.078 1.070 1.035 
100 1.395 0 .9759 1.329 1.124 1.088 1.075 1.270 
120 1.445 0 .9553 1.393 1.141 1.099 1.081 1.490 
140 1.490 0 .9324 1.458 1.159 1.100 1.086 1.706 
160 1.530 0 .9078 1.524 1.176 1.121 1.090 1.920 
180 1.572 0 .8818 1.591 1.194 1.131 1.093 2.130 
200 1.612 0 .8548 1.660 1.211 1.143 1.097 2 .335 
248 .15 K (Schin d l e r , e t a l 
140 
20 1.078 1.057 1.108 1.081 1.076 1.073 0 .380 
40 1.145 1.044 1.164 1.103 1.091 1.083 0 .785 
60 1.200 1.024 1.218 1.122 1.105 1.090 1.180 
80 1.245 1.002 1.273 1.140 1.117 1.095 1.563 
100 1.285 0 .9772 1.329 1.157 1.129 1.098 1.930 
120 1.320 0 .9509 1.386 1.176 1.140 1.106 2 .285 
140 1.350 0 .9234 1.444 1.192 1.152 1.102 2 .620 
160 1.382 0 . 8 9 5 1 1.504 1.210 1.163 1.104 2 .925 
180 1.410 0 .8661 1.564 1.227 1.175 1.105 3.217 
200 1.440 0 .8368 1.626 1.244 1.186 1.105 3.480 
Table 35. (Continued) 
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p 0 tf 4 4 0 4 100 x 2 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR 
273 .15 K (Schin d l e r , e t 
140N 
a l . ) 
20 1.042 1.100 1.137 1.120 1.117 1.116 0 .480 
40 1.088 1.091 1.207 1.158 1.150 1.141 1.070 
60 1.128 1.066 1.267 1.184 1.170 1.151 1.650 
80 1.162 1.038 1.325 1.208 1.187 1.157 2 .200 
100 1.192 1.006 1.384 1.229 1.203 1.159 2 .750 
120 1.215 0 . 9 7 3 3 1.444 1.250 1.218 1.161 3.250 
140 1.238 0 .9395 1.506 1.270 1.233 1.161 3.730 
160 1.257 0 .9062 1.569 1.290 1.248 1.161 4 .160 
180 1.275 0 .8725 1.633 1.310 1.261 1.159 4 .590 
200 1.288 0 .8395 1.701 1.330 1.276 1.158 4 .950 
298 .15 K (Schin d l e r , e t 
140 
a l . ) 
20 1.071 1.122 1.137 1.130 1.129 1.132 0 .480 
40 1.153 1.152 1.247 1.214 1.208 1.20 7 1.330 
60 1.207 1.132 1.324 1.257 1.246 1.236 2 .160 
80 1.242 1.099 1.392 1.290 1.275 1.252 2 .900 
100 1.269 1.061 1.457 1.318 1.297 1.262 3.620 
120 1.285 1.021 1.522 1.344 1.317 1.266 4 .310 
140 1.300 0 .9808 1.587 1.368 1.335 1.269 4 .960 
160 1.309 0 .9400 1.653 1.389 1,351 1.268 5.580 
180 1.317 0 .8996 1.719 1.410 1.365 1.265 6 .220 
200 1.324 0 . 8 6 0 3 1.785 1.429 1.379 1.261 6 .800 
323 .15 K (Schin d l e r , e t 
140 s 
a l . ) 
20 1.032 1.052 1.054 1.053 1.053 1.054 0 .190 
40 1.180 1.188 1.265 1.246 1.243 1.243 1.420 
60 1.278 1.199 1.399 1.347 1.339 1.329 2 .610 
80 1.347 1.172 1.512 1.419 1.405 1.379 3.750 
100 1.392 1.131 1.619 1.478 1.457 1.411 4 .850 
120 1.423 1.083 1.728 1.528 1.501 1.433 5 .880 
140 1.446 1.034 a 1.573 1.538 1.445 6 .880 
160 1.460 0 .9841 1.614 1.573 1.452 7.770 
180 1.471 0 .9352 1.652 1.603 1.454 8 .580 
200 1.478 0 .8881 - - 1.686 1.628 1.451 9 .330 
243 
Table 35. (Concluded) 
P 0 0 (ji 0 $ 0 100 Kg 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR 
140 
348.15 K (Schindler, et al. ) 
40 1 155 1 .120 
60 1 323 1 207 
80 1 434 1 220 
100 1 516 1 198 
120 1 576 1 157 
140 1 622 1 107 
160 1 655 1 051 
180 1 679 0 9922 
200 1 700 0 9337 
1 176 1.280 
1 397 3.220 
1 584 4.970 






The blank spaces indicate lack of convergence of the theoretical 
calculations. 
Table 36. Smoothed Experimental and Theoretical Enhancement Factors 
of Propylene in Helium, and the Smoothed Experimental 
Solubility of Helium in Liquid Propylene 
~~P $ $ $ $ $ $ 100 x2 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR  
175.00 K (This Work) 
1.094 1.022 1.019 1.035 0 .076 
1.188 1.039 1.033 1.064 0 . 1 5 1 
1.287 1.057 1.048 1.093 0 .224 
1.389 1.074 1.061 1.120 0 .297 
1.494 1.090 1.075 1.145 0 .368 
1.605 1.107 1.088 1.170 0 .437 
187.49 K (This Work) 
0.9976 1.085 1.024 1.021 1.0 34 0 .107 
0 9808 1.165 1.039 1.034 1.057 0 . 2 1 3 
0 .9581 1.249 1.055 1.047 1.080 0 .318 
0 .9305 1.335 1.070 1.060 1.101 0 .420 
0 .8989 1.424 1.085 1.071 1.121 0 .519 
0 .8644 1.515 1.099 1.084 1.141 0 .609 
200.00 K (This Work) 
1.081 1.029 1.027 1.037 0 .142 
1.152 1.043 1.039 1.057 0 .285 
1.225 1.057 1.050 1.074 0 .428 
1.299 1.071 1.061 1.091 0 .567 
1.374 1.085 1.073 1.108 0 .700 
1.453 1.099 1.085 1.123 0 .820 
212.49 K (This Work) 
20 1.025 1.001 1.083 1.038 1.036 1.044 0 .190 
40 1.036 0 .9726 1.147 1.051 1.048 1.061 0 .379 
60 1.040 0 .9406 1.211 1.065 1.059 1.076 0 .558 
80 1.043 0 .9057 1.277 1.078 1.070 1.091 0 .738 
100 1.044 0 .8688 1.345 1.091 1.081 1.104 0 .909 
120 1.044 0 .8306 1.414 1.104 1.092 1.116 1.066 
20 -- 1.004 
40 -- 0.9955 
60 -- 0.9796 
80 -- 0.9573 
100 -- 0.9297 
120 -- 0.8979 
20 1.020 0 .9967 
40 1.029 0 .9734 
60 1.031 0 .9455 
80 1.035 0 .9139 
100 1.036 0 .8794 
120 1.036 0 .8428 
Table 36. (Concluded) 
~P $ $ $ $ $ $ 100 x, 
atm EXP LJCL KIH KIHCK12 KIHEK12 BWR 
224.99 K (This Work) 
20 1.040 1.011 1.089 1.051 1.049 1.056 0 . 2 3 3 
40 1.060 0 .9779 1.148 1.064 1.061 1.071 0 .475 
60 1.068 0 .9422 1.207 1.077 1.072 1.084 0 .714 
80 1.072 0 . 9 0 4 3 1.268 1.091 1.084 1.096 0 . 9 5 1 
100 1.073 0 .8651 1.329 1.103 1.095 1.107 1.175 
120 1.074 0 . 8 2 5 3 1.393 1.116 1.106 1.117 1.375 
239.99 K (This Work) 
20 1.057 1.028 1.102 1.070 1.069 1.072 0 . 2 9 3 
40 1.083 0 .9922 1.159 1.086 1.083 1.088 0 . 6 1 3 
60 1.096 0 . 9 5 2 3 1.216 1.101 1.097 1.101 0 .929 
80 1.104 0 .9109 1.272 1.115 1.108 1.112 1.239 
100 1.108 0 .8687 1.330 1.127 1.120 1.121 1.540 
120 1.109 0 .8266 1.388 1.141 1.132 1.130 1.830 
254.98 K (This Work) 
20 1.070 1.051 1.119 1.093 1.092 1.098 0 .359 
40 1.107 1.014 1.180 1.116 1.114 1.119 0 .775 
60 1.127 0 .9704 1.236 1.133 1.130 1.133 1.179 
80 1.138 0 .9251 1.292 1.149 1.144 1.144 1.590 
100 1.144 0 .8796 1.350 1.164 1.157 1.153 1.976 
120 1.146 0 .8353 1.409 1.179 1.171 1.161 2 .284 
No results reported for the gas phase. 
APPENDIX H 
The argon and carbon dioxide gases used in this work were the same 
n o 
as purchased by Liu. The argon was obtained from the Air Products Com-
pany with a quoted purity of 99.995 percent, and the carbon dioxide came 
from Matheson Company with a quoted purity of 99.99 percent. The helium 
used in this work was obtained from the Air Reduction Company. This 
helium was the high purity grade, 99.997 percent, as obtained from the 
Bureau of Mines. 
Both hydrocarbons used in this work, ethylene and propylene, were 
obtained from Phillips Petroleum Company. The quoted purity determination 
of ethylene was 99.97 percent with the impurities being methane and 
ethane. The propylene quoted purity was assessed at 99.99 percent with 
the impurity being mainly propane. Due to the low range of analysis, it 
was possible to approximately verify these purities and the types of im-
purities present. 
Since all the gases used in this research were of high purity, 
they were used in the received condition with no further purification. 
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